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S UIMM ARY

The contracted research aimed at evaluating different geophysical techniques,
and particulary microgravity applied to the detection of density anomalies in

earth and rock structurcs, as well as in their foundation. The work consisted

in collecting data and information from the work done on the subject at CPGF

since 1962 and in developing certain aspects of interpretational techniques.

On a railroad at Varangeville, ".'rance, a survey funded by the French Railways

including repeat gravity measurements after grouting, was completed as part of

the present contract. The results of an innovative survey of the Cheops Pyra-

mid, funded by 7lectricitt de France, were also partly included in the report.

* The first and iargesL ,art of the report summarizes microgravity techniques.

After a description of field techniques, the main interpretation techniques,

A both conventional and innovative, are described.__)

The second ant the sixth parts of 'the report describe the application of

microgravity to the direct in-situ measurements of embankment densities and

to the ascessment of foundations of existing structures, and includes the

description of the Cheops survey. The third part of the report decribes the

use of microgravity for grouting control and other repeat surveys. It includes

the description of the above mentioned Varangville survey.

The fourth part of he report compares microgravity with other geophysical

methods in the fields of cavity detection and grout control. It describes the

use of resistivity, electromagnetics, seismic methods and down-hole logging.,

-The fifth part-compares current French practice in the field of cavity detec-

tion , !,,ith methods 'used in the rest of the world. The seventh part is a casepart i
hiFstory section, where 21 selected case histories are described.

"'e eighth section is a reference section, with 71 references, followed by 7

E.ngl.Us! summaries of selected references. Finally, an appendix contains

copies of 5 papers published in Eng]islh.
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PREFACE

The present report was made under contract bctween the Department of the Army,

Contracting Office, Hq. 47th Area Support Group, P.O. Box 160, Warrington,

Cheshire, England, under the reference PAJA45-86-C-0022, and the Compagnie de

Prospection Gophysique Franaise, 20 rue des Pavillons, 92800 Puteaux, France.

The contract was issued on March 25, 1986. The contracting officer was

Dennis 1'. Foley, while the work was supervised by Jerry C. Comati, Chief,

Environmental Sciences Branch and by Dr. Dwain K. Butler, Waterways Experiment

Station, Corps of Engineers, Vicksburg, Miss.

By letter dated August 3, 1987, CPCF sollicitated a delay for the submission

of the draft final report, taking into account the work done at the Cheops
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be maintained at the University of Nancy, France, in June 1988.

The following CL'GF personnel participated in the elaboration, the preparation

and the edition of the report : Jacques Lakshmanan, ing~nieur g6ologue E.N.S.G.

Erkan Kutkan, geophysicist; Jean-Claude Erling, geophysicist; Ms Monique
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and report preparation.
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APPI ,J CATION OF MICROGRAVITY TO TlE ASSESSMENT OF

EXISTINC STRUCTURES AND STRUCTURAL FOUNDATIONS

PART I : OVERVIEW OF THEF NICROCRAVITY TECHNIQUE

Historical Back round

I. The word "microgravity" was first coined by the late R. Neumann

(1967) from Compagnie Cnrale de G(!ophysiquc (C.G.G.) . However, the first

commercial microgravity surveys in the world (to our knowledge) were carried

out in France by Compagnie de Prospection CGophysique Franqaise (C.P.C.F.) in

* 1962, and published the following year (J. Lakshmanan, 1963). In fact, the

leadership of French geophysicists in the field of microgravity is a normal

continuation of work by the great French physicists of the 18th and 19th

centuries, Coullomb, Poisson and Bouguer and in the 20th century by Cagniard

(96 0) . The important role of French scientists in the knowledge of gravity,

after Newton, was recently recalled by Thomas LaFehr (1980).

2. However, if the theory was often French, gravity meter technology,

after 1 otvos (1936), is mainly American. Since the forties, field gravity

meters regularly allow readings to 10 - 5 gals. In 1968 Lacoste and Romberg

brought out the model D gravity meter, often called the "microgal", which can

be read to the microgal (10 - 6 gals; 1 gal = 1cmis 2 and g % 980 cm/s 2 ).

3. The introduction of the model D meter has really allowed gravity

stir, vs for shallow features to add the prefix "micro" to the word "gravity".

Just over a hundred of these D-meters have been built since 1968, and at least

12 of these are in commercial use in France.

t, "44. According to the size and depth of suspected causes of density

anomalies, and to corresponding spacings between gravity stations, we can

classify gravity surveys in three main groups

,1
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Table I: Classification of gravity isury

Depth Station Amplitude of Accuracy
Spacing anomalies

Gravity surveys 2000-6000 m 1000-5000 m 5 to 30 rgal 0.1 mgal

. inigravitv" surveys 200-1500 m 100-300 m 0.5 to 5 mCal 0.01 mGal
(Mining-ground water)

"Microgravity" 0 to 50 m 2 to 40 m 0.02 to 0.40 mCal 0.001 mGal
surveys

5 5. C.P.G.F. is proud to be a pioneer and a leader in the field of

microgravity and has carried out over 500 surveys in 9 countries. The most

interesting of them will be analysed in chapter 7 of this report.

6. Salient features of development of microgravity in Europe are as

follows
* a. A symposium of the International Association of Engineering Geo-

logists .'as held in lannover in 1973, on the theme of dissolution cavities
S(J. Lakshnanan, 1973). The French government financed a multicormpany research

program in 1977 on the theme of Cavity Detection. C.P.G.F. was in charge of

appraising microgravity and a novel 3-1) seismic technique, the Sismobloc-

C.P.G.F. (J. Lakshmanan, M. Bichara, J.C. Erling, 1977). In 1979, a working

committee of the French National Committe on Soil Mechanics established

"Recommendations on the treatment (and the detection) of underground cavities".

This committee included J.C. Erling and J. Lakshmanan from C.P.G.F. (P. Habib

et al, 19/9).

b. In the United States, interest in geophysical detection of caves

seems more recent. Quite comprehensive research has been carried out by the

* U.S. Corps of Engineers for the last 15 years (Butler, 1977, 1984). Further

details on published papers, either by C.P.G.F. geophysicists, or other experts,

will be described in chapter .

c. The use of microgravity for density determinationin the structure

* itself is more recent and has been described in two papers by C.P.G.F. and

French Railway geologists (M. Bichara and J. Lakshmanan, 1983, J.C. Erling and

C. Roques, 1983). In this case, when the structure is located above the normal

ground level, application of a generali;zed Nettleton processing technique can

lead to direct abqolite density measurement (when the anomaly is located below
the average ground level, only relative densities can be computed). An impor-

tant application of the gcnerailized Nettleton processing technique is for

embankment density monitoring.

% I



ield Measurements and Data Reduction

7. Readings with the model D meter are made to the microgal (0.001

milligal). However, special procedures are necessary in order to achieve the

best repeat accuracies which can be brought down to a fe, microgals. Some of

these are described by McConnell, Hearty and Winter (1975). As for data

reduction, the main reference is still Nettleton (1940).

Meter Control.

8. Every two months, the meter's instrument constant is checked on a

test range. In France, the main contractors (C.P.G.F. and C.G.C.) use the

Marly-Croissy test range near Paris. These two bases are separated by 3

kilometers and there is a difference in elevation of about 100 meters. The

difference in gravity between these stations is 32.86 mCal. Usual check

includes at least 3 alternate measurements at each base. The mean square

* difference (compared to average difference) is generally in the order of 5

microgals. Generally, no significant change of the instrument's constant is

observed.

9. Before using the test range, the cross and longitudinal levels of

the instrument are checked and, if necessary, adjusted according to the manu-

facturor's specifications. General revisions at the manufacturor's plant are

N. only needed every 4 or 5 years. The "life" of each instrument is followed on

a special notebook. A copy of 3 sheets of one of these notebooks is enclosed.

Dailychecks.

10. The meters are kept under thermostatic heating permanently. One spare

battery is therefore absolutely necessary when readings are started in the

morning, several repeat readings are necessary at the first base, especially

when outside temperatures are very different from room temperatures (either

in very cold or very hot weather). When temperature contrasts are very high,

warm-ups" or cool-downs" may need up to half an hour. Otherwise, measure-

ments would start with heavy, erratic drift, which can also be related to the

duration of previous clamping.

Return to base.

II. Returns to base are made every 20 to 30', in order to check whether

abnormal drift is occuring, which can be due to a shock during transport, or

irregular functioning of the thermostat (it should be reminded that D-meter's

thermostatic temperature is generally In the order of 49.5°C).

12



HORIZONTALITE DES BULLES

HORIZONTALITY OF LEVELS

READINGS

1/4 grad 1/4 grad. Checks Adjustment. Date Operator Job Observations
left shift 0 right shift.

8 Art, ,o. e,

AA

-* - 'I ,. ;-+Jr-' '

9,,,. T" L J
I .S

,,, ,, = -,_, ------------------.-..-- ,'...T,, ..-.-. --.. . . . . . . . ..

________€ I.-J

Figure 1. Example of control sheet:

Control of level of horizontality
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GALVANOMETRE

GALVANOMETER

Light beo Zero Sensibility

check adjustment for one grad Checks Adjustmen, Dote Operator Job Observafions
______usren for _ ____ne_ ___ ___

0

*) .z ' o"o' ot.9S , . ( ~ l-;

10, " .L . 9
3. ~~ ~ 7 F-- . s/ 6 -7,C../

Figure 2. Example of control sheet: galvanometer
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SENS131LITE DE DEPLACEMENT

DISPLACEMENT SENSITIVITY (Limits 2.0,-3.4

READING

FOR 10 GRAD. DISPL.
___________________Checks Adj. Dote Operator .Job Observations

Horizantol eve Cross level

9 S A

Fiur 3.Eape fcnrlhe:dspaeetsestvt



Luni-sollr correqtions.

12. Before further corrections, the drift curve of a D-meter is very

close to the luni-solar drift curve, i.e., it shows amplitudes of 150 to 300

microgals, with an approximately twelve hour period. Maximum gradient is

about 50 microgals/hour. The following graphs are from Nettleton, 1940. It

should be noted that at that time, for conventional gravity surveys,

Dr Nettleton mentioned : "Since in most gravimeter operations, the instrument

is returned to a subbase at intervals of at most a few hours, any tidal effect

%appears only as a slight modification of the drift curve and therefore does

not affect the gravity difference determination.

F FULL MOON

]£

Z C"00

111 -

12 NOON 12
JAN. 17,1938 (FULL MOON)

-0

12 NOON 12
JAN. 23,1930 (LAST QUARTER)

* Fig. 4. Example of luni-solar drift (after Nettleton)

Consequently, in ordinary gravimeter operations no attention need be given to

tidal effects. If an instrument were used for a period of 6 hr. or more

without a drift reading, and if it were stable enough so that its drift could

be interpolated reliably to 0.1 mg. or better over that period, and if

gravity differences were being depended on to better than 0.1 mg., then it

would be necessary to consider the tidal effects."

16
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13. In microgravity, it is necessary to correct for luni-solar

variations before any further processing. These corrections can be made with

the tables published bu Compagnie Gi.n(rale dc G~ophysique and Service hydro-

graphique de la Marine, and edited by Geophysical Prospecting. Alternatively

(and preferably) , the corresponding formulas can be programmed on a micro-

computer.

Residual drift.

14. Once the luni-solar corrections are made, the residual drift should

in theory, show out quite a regular curve, in fact something close to a

straight line. The usual drift rate of a very good D-meter is in the order of

2 to 7 microgals/hour. For a less regular D meter, the drift can be in the

order of 5 to 20 microgals/hour. An actual field example follows and is shown

on figure 5.

*- 15. The measurements were made along the circular freeway surrounding

Faris, with severe traffic conditions, despite measuring at night. This

example shows the "beat" often found in microgravity surveys, where pseudosi-

ne oscillations with an amplitude of 5 to 20 mGals and a period of an hour

are found, superposed to the regular drift.

16. This "beat" has been described as being due to variations in the

duration of clamping. Between stations, the instrument is clamped during a

nearly constant interval, 2 minutes for example. If the meter is returned to

the base, it may stay clamped for 5 or 7 minutes. This increase of clamping

may contribute to the "beat" effect (the explanation being hysterisis of the

spring).

7'
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17. In certain conditions, and with certain less regular meters, resi-

dual drift can appear as a sine curve, with an apparent period of 20 to 40'

and an amplitude of 10 to 15 microgals, as shown on the same enclosed graph.

This means that an anomaly of this amplitude may either be spurious, or may

be cancelled by a drift of opposite sign.

Semi-random field procedure.

18. In order to avoid this type of phenomenon, which leads to Bouguer

maps showing anomalies lined up along the profile direction, C.P.(;.F. has de-

veloped a drift control technique (see Bichara, Erling, Lakshmanan, 1981),

which implies a semi-random field procedure. The spatial sequence should not

be correlated with time. In other terms, each gravity station (supposing a

regular grid) should be surrounded by points taken at dates differing as much
as possible from the central station's date. In addition, the dates of the

surrounding stations should also be the most variable possible. The proceg-

sing technique is described in the above mentioned paper. The field technique

procedure implies the corresponding proccssing.

19. In the same field sequence (between 2 returns to base), the 8 to 15

stations forming the program should be spatially as far as possible one from

each other. In order to keep production to a reasonable level, measurements

can be made according to the following principles;

- Base (time 0)

- Line 5: points A, D, G, J, M (times 3', 6', 9', 12', 15')

- Base (time 18')

0 - Line 8: points A, D, G, J, M (times 21', 24', 27', 30', 33')

- Base (time 36')

- Line II: points A, D, G, J, M (times 39', 42', 45', 48, 51')

- Base (time 54')

- Line 6: points B, E, H, K, N (times 57', 60', 63', 66', 69')

- Base (time 72')

- Line 9: points B, E, H, K, N (times 75', 78', 81', 84', 87')

- Base (time 90')

- Line 12: points B, E, Ii, K, N (times 93', 96', 99', 102', 105')

- Base (time 108')

- Line 7: points C, F, I, L, 0 (times III', 114', 117', 120', 123')

19



- Base (ti-In 126')

- Line 10: points C, F, , L, 0 (times 129', 132', 135', 138', 141')

- Base (time 144')

- Line 13: points C, F, I, L, 0 (times' 147', 150', 153', 156', 159')

- Base (time 162')

- Line 5: points B, E, H, K, N (times 165', 168', 171', 174', 177)

- Base (time 180') .......... etc ........

20. In such a manner, a good decorrelation between time and space can

Vbe achieved. In the previous example, on line 9, points A to 0 will be read

as follows:

* Point A B C D E F G H I J K L H N 0

Time 396 75 237 399 78 240 402 81 243 405 84 246 408 87 249

Along each line, each point is surrounded by 2 points belonging to two dif-

ferent programs. Considering the grid, point 9-D will be surrounded as

follows

8-C 8-D 8-E

345' 24' 186'

9-C 9-D 9-E

237' 399' 78'

10-C 10-D 10-E

129' 291' 453'

Each of these 9 points belong to a different program.
Final drift evaluation.

21. Cenerally, however, the semi-random procedure is simplified by
covering a grid four times :

- even lines, even stations

- odd lines, odd stations

- even lines, odd stations

- odd lines, even stations

In addition, at about 10 % of the stations, repeat readings are made.

If instrumental drift is sufficiently regular, linear interpolation between

base stations is made. If not, a polynominal fit is made, taking into ac-

count (by order of weight)

20



- bahe stations

- repeat stations

- differences between readings at the

station and at the four closest stations.

22. Readings made by a professional operator have an apparent accu-

racy of I or 2 microgals (difference between 2 readings made at I or 2 minu-

tes intervals. In a survey made in normal. environmental conditions (no great

winds, not much traffic, no industrial vibrations) the mean square difference

between repeat readings at different dates is about 5 to 15 microgals, or

even less with the smallest grids. After adjustment of the drift curve, if

ancomalies in this curve or in repeats are observed, certain portions of the

survey may be rerun.

23. The complete procedure as described in paragraph 19 slows down

the field production from 80 to 50 stations per day, but it allows maximum

reading accuracy. A residual anomaly of 10 micrograls seen on several adjacent

points can he considered to have a very high degree of confidence.

Other field recommendations.

24. Some additional recommendations for microgravity survey field

procedure are listed below

a) The meter should be read, placed in the same direction in

respect to the North.

b) The sequences should follow one another continuously : I eight

hour sequence is better than 2 four hour sequences with a lunch

break. When possible, with 2 operators, a meter can be read

from dawn to dusk.

c) The ground surrounding the meter should be a flat as possible.

0When working in ploughed fields, a Im by lm area will be

flattened out with a spade. Alternatively, if the weather is

not windy, the base plate can be set on a 75 cm high tripod.

d) When elevation variations are large, points in the same program

should be at altitudes as close as possible to one another.

This fact has been studied by McConnel et al (1975).

,\. Sti rveyij!

25. Usually, the area covered by a microgravity survey is quite

.small, and the surface is relatively flat. At least, this is the case for

most building projects.

21
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26. Starting from a bench mark supplied by the main contiactor, and often

by using a side of the building plot as one of the coordinate directions,

stations are often located by chain. Each station is pegged, and the ground

flattened, if necessary, at the foot of. the peg. Using an automatic level

(such as the Wild Nak-1) all the stations can often be measured with a single

instrument station and a moving rod. This is the usual simple procedure for a

survey on flat ground, with 50 to 200 stations with a station spacing of 5 m,

for which a millimeter accuracy is no problem, at least if the ground is

sufficiently compact, and not formed by ploughed land.

27. When station spacing is greater (20 to 40 m) and when the area is

large, it may be necessary to use a high precision theodolite (Wild T2, for

example) coupled with a distance meter (such as Wild Distomat with a T2

*theodolite). Instead of using the gravity operator to do the surveying, a large

area will need a professional surveyor.

28. The largest microgravity survey we ever carried out included 6,000

stations on a 10 by 50 m grid, in an area of quite severe topography in the

Alps (Rif Tort hydroelectric project, owner ElectricitC de France ; the survey

was carried out by C.C.G., associated with C.P.C.F.). This survey needed a

series of topographic control points, along a 200 by 200 r grid, which were

set tip by a separate surveying company. Between these points, the infilling was

done using a Distomat.

Corrections

Altimetric correction.

29. Variations of elevation create variations of g between 2 stations

due to (Z in meters, AG in microgals)

- Change in distance from the centre of the earth ("free air correction"). The

P. free air correction is AGI = 308.6 (Z2-Z) (at a latitude of 450).

* - Theoretical attraction of the horizontal infinite slab, having a density of

, and located between elevations Z and Z (in meters) of stations 2 and I
% 2 1

% it is called the Bouguer correction : AG2 = - o (Z - Z
3 2

'These two corrections related to elevations, in microgals, are generally

combined : "G = (308.6 - 41.9,) (Z2 - Z])

At other latitudes, a more sophisticated evaluation of the free air correction

a, be necessary :Y 9.780318 [1+0.005302/4 sin2 ? - 0.0000059sin 2 ]

22



vhere 5' is the latitude, f 3.35282.10 (earth's flattening) and

a = 6.378139. 100 m (earth's equatorial radius). The Bouguer coefficient may

then be taken to be 41 .9214.

For = 0 "G = 308.8 (Z2-Zi) (free air correction)

For j = 2.0 1,G = 225.0 (Z 2 -Z 1 )

For . = 2.5 AG = 204.0 (Z2 -Zl)

La t i tude correct ion.

30. The latitude correction is due to the flattening of the earth and

to its rotation, which reduces g when moving from the poles to the equator.

The correction is given by L = - k A X, where k is the gradient and iX is the

north-south distance of a station from a reference station.

The average gradient of this correction is given in table 2 (due to Nettleton,

1939). -i' rorrection is added when a gravity station is soith of a site refe-

rence station and subtracted when a station is north of the reference station.

Table 2 latitude corrections

l.3tiLude k k

in degrees nilnl rrl /km .

0 0

10 0.447 0.278

20 0.840 0.522

30 1 .132 0. 703

4,0 1.287 0.800

50 1.287 0.800

60 1.132 0.703

70 0.840 0.522

80 0.447 0.278

90 0 0

N'le height corrections.

31. . The meter may be at a certain height II above the ground; if this

height varies from one station to the other, an additional free air correc-

* tion PIIC should be added : PIIC = 308.6 (1I2-1l1).

Usually II2 = III, and this correction becomes constant in each point and is

therefore neglected .

Basis of terrain corrections.

* 32. In P'aragraph 29, we suppose that the correction due to elevation

is related to density and to the difference of elevation between two stations

supposing that each station is located on an absolutely flat ground, as

illustred in Figure 6.
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N

Figure 6. Basis of terrain corrections

In the theoretical case(a), the total. altimetric correction will

be (7Z in meters, AG in microgals)

V % = (308.6-41.9o)(Z 2 -Z 1 )

* for (3 2.0 gin/cc

G= 2 25 .0 (Z 2-Z I)

.4- In caIse (h)), supposing a very high tripod at station 2 (or a ficti-

t ious thin pinnac le L 2 -Z 1, meters high) , with the ground elevations the same

at stations I and 2

4 AG =308.6 (Z 2 -Z 1 )

2 /,
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33. In the real case (c), lateral masses must be taken into account.

The valley to the left of station 2 will have an influence on the reading at

station 2 ; it ,i reduce the value of g at 2 (we suppose here that base

station I is in an absolutely horizontal area). The necessary terrain

corrections, .rC, will be positive, and the equivalent coefficient B will be

intermediate between 225.0 and 308.8, as if the density were lower than

=2.0.

VP AG - 225.0 (z2-zl) + r

N AG 1372=l
For example, for a = 2, Z2 = 1OM, Z = 100 m and

*Q TC = 120 microgals at station 2

AG = 237.0 (Z2-ZI)

The equivalent density a' = 1.71 is intermediate between case (a)

- 2.0, and case (b): u = 0.0.

34. Alternatively, we can consider that the correction is equivalent

to the effect of a fictitious elevation Z'2 at station 2. Considering the

total correction:

AG = 225.0(110.53-100.0)

Z'2 = 110.53 instead of Z2 = 110.0

Considering the Bouguer correction only

LG2 = -41.9a(Z2 -Z1 - TC(o). a

(TC(o) is the terrain correction for an arbitrary density Go).
TC .

AG2 = -41.9(Z 2-Zl 4  .

Z2 TC can be considered to be a fictitious equivalent

Saltitude
TC

-"~( Z =Z 0 120
with the previous example Z3 a O 83. - 108.57.

(Note : If station 2 were at the bottom of a valley, the terrain correction

due to lateral hills would also be positive.

-Terrain correction grogram used in microlavitv.

35. Yany years ago, Hammer (1939) published detailed tables, allowing

computation of terrain corrections. These tables are based en the use of

a template applied on a topographic map and centered at the point where

terrain correction is to be computed. These tables were made for large

* scale gravity surveys, and are not applicable for microgravity.



In fact, Hammer's first zone ranges from a radius of 2 m to a

radius of 16.6 m, the second zone reaching 53.3 m. Apart from the

scale effect, microgravity surveys are often conducted in urban environment,

and severe corrections (and gradients of corrections) are to be made due to:

- masses of buildings

- cellars

- open pits

Corrections can frequently reach 200 to 300 microgals, while the

anomalies we are looking for may only be of 30 to 50 microgals.

36. Accurate computerized corrections are absolutely necessary.

Various programs have been developed at C.P.G.F. For example, Tercor program

is mainly used for measurements made inside an open pit (such as a building

%. project under construction). The enclosed fig. 7 illustrates the procedure

%. used. Inside a first window F] surrounding the considered point M, the ground

is divided into prisms, following the grid at which elevations have been

measured (often, a 2 x 2 m, or a 5 x 5 m grid is used). Each prism is divided

into elementary prisms 0.50 m high. The attraction of each prism is the inte-

gration of the effect of the elementary prism, using the formulas given by

P. Vallabh Sharma (1967) or by Nagy (1966). Alternatively, the formula given

by Olivier and Simard (1981) which supposes that prisms have sloping tops can

also be used.

- 37. Outside the moving window Fl and up to the limits of the grid

(equivalent to a window F2), a simpler formula is used to compute the effect

of each prism. It supposes that the effect of the prism is the same as that

of a vertical cylinder (Parasnis, 1961). A third correction is applied to

correct for the influence of masses outside window F2. In the usual version

of the program used for measurements inside pits, the external elevation

is supposed to be constant.

38. The second example, Figure 8, gives a pratical resul obtained for

measurements made at Charleroi (Belgium) inside an open pit about 8 m deep.

The station spacing is 4 m. The corrections vary from about 320 microgals at

the corners of the pit to 250 along the sides of the pit, down to less than

150 microgals in the middle of the pit. We were looking for old. izuperficial

coal mining worls ; the corresponding anomalies only attained 50 microgals

(Michel and F'rling, 1975).
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Figure 7. Terrain correctio 'ns, use of CPGF's Tercor program
for measurement in an open pit
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Generalizef Nettleton corrections.

The Bouguer and the terrain corrections suppose that a density has

been suitably selected. Usually, a constant value based on geology and soil

mechanics is selected. However, an error on the evaluation of can create

fictitious anomalies in zones of important elevation variations. An error on

c of I will make an error on g of

Ag = - 41.9 Ao(Z 2 -Z1 )

For Z2- = 10 m and Ac= 0.3 gm/cc :

Ag = 125 microgals

Even for Aa = 0.1 gm/cc, Ag = 42 microgals. We can see that correct evalua-

tion of density is very important as soon as elevation variations exceed a

few meters. In 1939, Nettleton invented a procedure which since carries his

name, the Nettleton profile (Nettleton, 1939). We shall cite his book

"This consists of taking a series of closely spaced stations over a lo-

. cal topographic irregularity, preferably a hill or valley or both. The

gravity values are then reduced for different densities. The criterion

for the P-tual density is that which gives the smoothest reduced gravi-

ty profile across the topographic irregularity. The method has the

advantage that it samples a comparatively large mass of material. It

has the disadvantage that very accurate gravity differences are needed,

especially if the topographic relief is small. However, this latter

disadvantage is compensated to a certain extent because, where the

relief is small, a larger error of density is tolerable and, where the

relief is large, a more accurate measurement of the density can be made.

In regions where a gravity survey extends across outcrops of rocks of

different density, it may be necessary to use variable densities for

the reduction of different parts of the survey. In such a case, if the

reduction is properly made, it is necessary to make an estimate of the

thicknes-es of the different beds considered and reduce different ele-

ments of the topography with different elevation constants."

This fundamental description is i].lustrated by Figure 9, also due to Nettleton.
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40. Among cases where remarkable terrain corrections were necessary,

we mention in this report :the Checops pyramid (see Paragraph 140 to 145);

Blaisy Bas tunnel (see cas history 5) ; Porte Potichet, Paris (see case history

9).

An interesting published case is a crypt identification survey inside

St Venceslas church, Czechoslovakia (Blizkowsky 1979).

CHARLEROI ( BELGIUM)

Figure 8. MAP OF TERRAIN CORRECTIONS
(hundredths of milligals)

K12 27. 20-/ 18-6 17-7 17-3 17.1 17-2 19.4 19. 18 '34- 1

25.0 18.2 16.1 15.2 148 1. 47 15.8 166 2\6.8 34.1-

267 20.0 17.9 17.0 16.6 16.5 16.5 16.8 17.9 22.0 29.2,,

K 27.. 2 7 25.6 . 24.5 24.4 24.4 24.7 24.9 27.4 264 K 1

l~in Ldqes of the pi!
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Figure 9. DENSITY PROFILE'FOR MEASUREMENT OF SURFACE DENSITY WITH A GRAVIMETER
THIS PROFILE INDICATES A DENSITY OF 1.9.
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41. The use of computers has allowed generalization of Nettleton's

principle, by trying to minimize correlation between elevation and the

Bouguer anomaly (Parasnis, 1952). The innovations introduced by C.P.G.F.

(Lakshmanan, 1982, F. Rimbert at al, 1984, Lakshmanan, 1985) have been:

a. the use of moving windows in order to compute a density at each point,

b. decorrelation of residual Bouguer and elevation with respect to regional

datums, and not of absolute Bouguers and elevations, which leads to absurd

values.

c. iterative computation.

42. Elevation Z and original Bouguer C are separated into regional (m)

and residual (o) components

Z Z + Z
m 0

G g + g
n 0

G is computed with a constant density co..

Regionals are computed with the same operator so that they pass just below

minimum points (such as valley bottoms for z).

The purpose of the procedure is to evaluate a new Bouguer GI computed with

a variable density 01 above the variable datum, as shown in Figure 10.

0 - 7 '" {[ . . ' ... .



METE HS5

500

450

400 SMOOTHED TOPOGRAPHY

1 350-
300 

4

MILLIGALS -7:
4.2

CONSTANT DENSITY ((To)
4.0 BOUGUER ANOMALY
3.8

3.6

p 3.4

*3.2 SOTE OGE

3.0 CNTN EST -

2. B

c7< (7r0 (7 Cr7o NEAR SURFACE DENSITY 0-> 0-0

Figure 10. Principle of generalized Nettleton corrections
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43. If F is the free air anomaly and C O the terrain correction comput-

ed for o,then

+ g = F Z +o Z + C for a constant density a
m 0 0 0 m 0

g +F3 =- 4n7 (3 Z + aoZ + 2_1 C for a constant density a1

(g i 4011 Zo 3Co
g0= -Fo m - P) - - (1 - 0o) o 01

0

setting A~r = gim - 9m

3C
and Z3 =Z 0

0 4011o
0

If g 0 and Z are to be independant variables, we must have, setting

COV (x,y) = E (xi _X) (y -Y)

Coy (go) Z ) - Cov(Ar, Z) _ 40 (o - 0 0) Cov(Z 3, Zo) = 0
o 0 3

Cov(g ,Z )-Cov(Ar,Z)
The new density 01 will be , = 00+ 4 0 )-- 0

-4 - Cov(Z 3,Zo)
j 0

44. We will first suppose that Ar#0 (this is experimentally correct);

after one or two iterations Ar becomes very small compared to go In addi-

tion, Ar and Z0 being practically independant variables, Cov (Ar,Z ) will be

very small. The first evaluation of the new density ai is then

Co(go'Zo)

+07 Cov(Z 3,Z 0 )
-3

.45. When terrain corrections can be neglected, we get

• Cov(goZo)
C = a +-4-7

S -- I(var Z)

as written by Legatt (1984). This generalized Nettleton technique "rubs out"

anomalies strongly correlated with elevation variations, and has to be

used very carefully. It supplies an interesting by-product, the densities

of the hills. In a further chapter, its use for density evaluation of

embankments (Bichara and 1akshmatnan, 1983) and other finite structures,

* such as the pyramid of Cheops (L1akshmanan and Montluqon, 1987) will be

described.
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Accuracyof microgravity surveys

46. Ti-i various corrections leading to the Bouguer anomaly add up as

follows:

B = K R + D) T + M + (308.8 - 41.9a)(Z-Z )+ Bo+ L
o

B Bouguer anomaly

K :instrumental coefficient

R :reading

D :drift

T :time

M luni-solar correction

0 density

Z-Z 0 difference of elevation compared to base

C 0 terrain corrections for an initial density a 0

L latitude correction

Accuracy 6B is given by:

AB =AK R + KAR + TAD + DAT + AM + (308.8-41.9a)AZ

+ 41.9Aa(Z-Z ) + AC -y + C__ A
0 o a a

0 0

For K = 1. 1636 (gravity meter D7)

AK = 0.003 (following tests on standard bases)

R = 100 microgals

AR = 5 microga'ls

0D = (maximum) 5 microgals/hour

AD = 2 microgals/hour (?)

T = (maximum) 0.75 hour

AT = 0.05 hour

0AM = <I microgal (?)

a a = 2.0 gm/cc

Au = 0.2 gm/cc

Z-Z 0 = I meter (in a flat area)

AZ = 0.01 m

C 0 = 30 microgals

AC = 3 microgals

AL = 10 microgals/kilometer ;therefore negligeable for a microgravity

s urv ey



47. Separating errors on reading, surveying and densities

AB - 0.3 + I.6AR + 1.5 + 0.2 + 1.0 + 224.8 AZ

+ 41.9a + 3.0 + )5c

AB - 6.0 + 1.16 AR + 224.8 AZ + 56.9 Aa

This equation gives an idea of the relative weights of the differ-

ent causes of error.

For 6R - 5 microgals

6Z = 0.005 meters

LAo - 0.2

48. The errors are summarized as follows

- Error related to drift, etc ... 6 microgals I 11.8

- Error related to reading 5.8 )
- Error related to elevation : 2.2

- Error related to density 11.4

49. The first two errors, once combined, are controlled by repeat read-

ings, at the same station, at different dates or hours. In fact, practical

experience show rather better results, as shown below. The selected example

is a microgravity survey at Cambrai (northcrn France), planned for locating

ancient underground chalk quarries. The survey included 250 stations, among

which 25 were double repeats. 3 different gravity meters were used (in order

to compare them together). Among the 25 absolute differences

- 8 were lower than 4 microgals (32 %)

- 23 if if 8 (92 %)

- 25 if o 10 " (100 7.)

The 3 gravity meters compared as follows:

NTable 3: example of repeat measurements

Absolute differences

Gravity Number of Less than 4 jigals Less than 8 jigals Less than 10 1jgals
meter rcpeats

Number % Number 7. Number %

D7 3 0 0 3 100 - -

D11 7 2 28 7 100 - -

D94 15 6 40 13 87 15 100

0 34



DATE BOUGUER IN MICROGALS

STATION GRAVITYAVRG
DA ME HETE'R IT2ND 3RD DIFFER.

MEASURE MEASURE MEASURE

AB 25 9-17-86 9.35 D94 -30
If 9.59 If -33 3

AB 24 9-17-86 9.38 D94 19 1
9-18-86 9.59 119

Y 20 9-17-86 10.08 D94 18
9-18-86 10.15 19

Y 19 9-17-86 11.26 D94 27
9-18-86 10.15 It27

Y 1I 9-10-86 13.05 D 1I -30
9-10-86 14.55 -31

X 5 9-17-86 12.14 D94 2

9-17-86 14.18 It-1 6
9-17-56 16.05 to-7

W II1 9-10-86 15.03 DI 1 -15
9-10-86 15.45 -35 0

V 10 9-10-86 17.09 D1I -47
9-10-86 17.20 i-53 6

U 7 9-11-86 11.20 DII -37
9-12-86 9.30 -31 31

U 13 9-10-86 11.03 DiI 21
*9-15-86 15.30 D94 20 4

9-16-86 13.38 if14

T 14 9-10-86 16.25 D11 14
9-16-86 11.52 D94 104

*R 10 9-10-86 10. 15 DI1 227
9-16-86 9.21 D94 15

R 13 9-10-86 9.58 DI1I 214
9-12-86 11.04 17

G 21 9-16-86 9.50 D94 50
9-16-86 9.46 55 5

Q 20 9-16-86 10.59 D94 505
9-16-86 9.46 5 '5

wk 
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DATE GRAVITY BOUGUER IN MICROGALS

• 'rA r ION DAY T IME METER ST 2ND 3RD

MEASURE MEASURE MEASURE DIFFER.

Q 19 9-16-86 9.46 D94 50

9-16-86 11.37 " 45 8

N 26 9-4-86 11.05 D7 162

9-4-86 11.21 " 167

N 21 9-3-86 17.08 D7 20

9-4-86 10.30 27

N 19 9-16-86 10.02 D94 29

9-18-86 8.50 26

M 8 9-15-86 16.31 D94 33
9-18-86 18.48 33

p. M 19 9-15-86 16.25 D94 12

. 9-18-86 8.59 3 16

L 17 9-15-86 16.18 D94 34

9-16-86 8.25 i 32 2

K 17 9-15-86 14.41 D94 24

9-15-86 16.14 i 19

E 24 9-4-86 14.47 D7 113

9-11-86 15.04 " 123 7
9-12-86 8.13 DI1 118

A. R 10 9-12-86 8.21 DII 17

A 9-15-86 15.50 " 22 5

9-18-86 9.21 D94 15
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* ,50. The third error, related to elevation, shows the importance of

accurate surveying. The station position has to be flattened, so that the

base plate will actually be positioned at the point where the base of the rod

will be placed (the rod should not be put on the top of the peg, as often

done).

51. Surprisingly, the weight of the errors due to bad evaluation of

surface densities is very high. The case is of course worsened in hilly

areas. However, in a microgravity survey, we do not often know how to sepa-

rate surface anomalies, related to topography, from deeper ones. If we do

not try to separate them, then in fact the inaccuracy related to AC is not

an inaccuracy, but rather something related to what we are looking for.

52. On the whole, the error on the Bouguer can be considered - in

microgravity - to be in the order of 5 to 15 microgals without taking into

account the influence of surface variations of density.

_. '
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Conventional interpretation

General

53. For th2 mathematician, interpretation of gravity data

has the intrinsic beauty of simplicity, everything being held in a single

line, Newton's law. In microgravity units (microgals, tons and meters), the

vertical component of a sphere (or a similar concentrated massm located at
20 mz.

a distance r and a depth z, will be G - 20 m%

54. For the geophysicist unfamiliar with gravity, such as the

petroleum seismologist, gravity is synonymous with ambiguity. To suppress

ambiguity, we need to input constraints, which are given by geology

- density ranges

- depths

- sizes

-' - shapes

55. We can illustrate the fundamental ambiguity of gravity by the

following example

a horizontal earth G (x,y,o) is due to variations of thickness (t(x,y)) of a

very thin, superficial slab, as shown below.

500m
r -

Figure 11. Effect of surface variations

The gravity anomaly at a given point I,J will be

2(,(,J) 20 in (K, L) z (K,L)
3K L r53 (I,J,K,L)

K,L is a running point moving from -- to + .
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Thicknesses being very small compared to horizontal distances, it can be

shown that the anomaly will be very close to C(I,J) ^ 2. 2f.(,J).t(I,J),
3.

,(1,J) being the density of the slab and t(I,J) its thickness.
%' 3 G(I ,J)

If o(l,J) = a = constant, t(I,J)
440

Now if we suppose that G(I,J) was in fact due to a sphere of 10,000,000 T

centered at a depth of 1,000 m below the surface, we would have

20 7 z
G(I,J) = -. 10 (X2+z2)3/2

Selecting the origin of coordinates vertically above the center of the sphere,

we could have the following values of G, and equivalent values of t

(supposing a = 2.0 g/cm3 ).

Table 4 : thicknesses of a superficial layer equivalent to a deep sphere

x G( igals) t(m)

-5000 0.5 0.01

-2000 6.0 0.07

-1000 23.6 0.28

0 66.7 0.80

A layer less than a meter thick, and very slowly thinning away to each side

could in theory create an anomaly similar to that due to a ten million ton

sphere, 1,000 m deep!! One of the aims of the rest of this report, both in

its mathematical section and in its field case history section, will be to

.. illustrate practical ways to resolve this paradox.

56. Regional and residual Componen o h ue ol

p The terms "regional" and "residual" anomalies are quite misleading. What the

* gravity interpreter needs, whether he is looking for deep oil-bearing struc-

tures or for caves, is rejecting low frequency and high frequency variations

in order to focus on the depth of interest. The methods generally used are

- graphical

* - mathematical (polynomial functions, for example)

57. In microgravity (and particularly at CPGF) it is usual practice

to keep the "regional" high, so that nearly all the "residuals" are negative.
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Figure 12. Separation of Bouguer anomaly
into regional and residual components

.

RESIDUAL BOUGUER

58. Considering the empirical rule "the higher the frequency, the

shallower the depth", it should be kept in mind that the regional should not

include causes which are of interest, and the interpreter should always care-

fully examine and interpret the regional.

59. A good way of checking the validity of a regional is the evaluat-

* ion of its average gradient. Supposing a planer regional over a total distance

of AL, and with a gravity variation of Ag ; if the regional is due to a thick

elongated slab, as shown below, we can suppose that the plane regional

corresponds to the steepest gradient of the complete curve.

UNKNOWN PART MEASURED PART

z ,

W '  ---- - .....

Figure 13. Validity of a regional anomaly
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The anomaly due to such a slab is examined in a later section, where it isZ
shown that the normalized depth can be computed from normalized relative

gradient g (with X # L). In our case, we can admit that the
g e -X dg/dTx
unknown maximum amplitude g is

g > 2Ag

and the unknown maximum width L is

L >, 2AL

In that case U IA 2 'L 1.0

In fact, our experience shows that 0.4 < U < 1.0. For these limits and for

a thin wide slab, we have (see paragraph 85)

0.15 < < 0.5L

or 0. 3AL < z < AL.

Our nomogram (see paragraph 85) also gives the tickness-density product

tAo. For the above limits,

0.029 < tA< 0.050

* Supposing ACT 0.3, and with g % 2Ag

0.193 < t < 0.333

Ag

Depth to the top of the slab will be

0.3.AL - -11- Ag < zi < AL 2 0 Ag
Ag

For various values of AL and Ag values of zi are given by the following

table :

Table 5 : depths to a wide slab as a function of Ag/AL

z, (depth to top of slab)
Ag (microgals/n
7 L or milligals/km) AL = 100 m AL = 200 m AL = 500 m

0.5 25.2 to 91.7 50.3 to 183.3 125.9 to 458.4

1.0 20.3 to 83.3 40.6 to 166.7 101.7 to 416.7

2.0 10.7 to 66.7 21.3 to 133.3 53.3 to 333.3

3.0 1.0 to 50.0 2.0 to 100.0 5.0 to 205.0

zl/AL for g 2.0 0.11 to 0.67 0.21 to 1.33 0.53 to 3.33
AL-
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60. This table shows that the regional gradient should not exceed

2 milligals per kilometer, particularly when the survey area is small.

Typically, microgravity field surveys yield regional anomalies of 0.2 to

1.5 milligals/kilometer, which correspond to causes deeper than 50-100 m.

61. A confirmation of these values can be obtained from Bott and

Smith's (1958) formulas, which compute maximum depth of anomalies.

For an elongated body, Bott and Smith's formula is

ZILZZ , 0.6495 g max
2 /pdx max

Supposing g max >2A3 as on the previous page,

2< 0.65 2Ag
2 - AgAL

Z' < 1.30 A L

We get figures of the same order as from the above table. For a

body of arbitrary shape, Bott and Smith's formula is:
ZI_.1..< 0.86 --E-max

2 (dg) ax

therefore, 7+Z 2 < 1.72 A 1,

2

62. To summarize regional selection techniques, and considering that

in microgravity surveys, targets are generally located at depths of less than

a hundred meters, the regional anomaly should have

- a gradient of less than 2 milligals/km

- been observed on distances exceeding 200 m in both x and y directions.

63. Quite often, a very small microgravity survey, for example a grid

of 7 x 7 stations, 5 meters apart, will therefore have to be extended by

4 "regional" profiles, as shown on the following sketch.

4



pi Survey grid

:::egon profiles

] [: ~(possib ly irr.._egularly

• , _spaced along roads

• I or tracks

F0

Figure 14. Typical "regional" profiles in microgravity

64. ifigh frequency filterin&. W~hen the target is medium deep, for

examnle dissolution lenses in gypsum, North of Paris, at depths of 50 m, i~t

can be suitable to filter "noise" related to anomalies in the first few

meters of the soil. These anomalies are usually visible on a single gravity

point, with station spacings ranging from Ax 15 to 40 m. Using Bott and

Smith's formula for an arbitrary shaped body

z, < ,86 max

For an anomaly gv only visible on a single point, we can arbitrarily suppo-

se that bt

max , 1.2 gv

g

and that max. ,2.0 -

Sd x AX
Fo a aomlygvony iibe n snge oitw cn rbtrriy4upo



S

Therefore z 0,86 1.2 gv

2.0 -

Z 0,52 Ax

Anomalies visible on a single point along a profile with a station spacing of

A , are approximately situated at depths less than Ax/2. Simple smoothing,

based on a moving window technique (average on 3 adjacent points for a

single profile, or 5 for a grid) will quite well reject phenomena located at

depths less than half the grid spacing, for example, variations in thickness

of top soil or loose fill. A more accurate proof of this empirical rule would

need a detailed geostatic analysis, taking into account the shape of the

superficial anomaly to be filtered out, and the size of the grid.

F igure 15 shows an example of such a smoothing.

65. Other methods, such a spectral analysis or linear inversion, can

be used for procession the Bouguer anomaly itself, and will then implicitly

carry out the low and high frequency filtering described above andin

paragraph 56. They will be described in later sections.

66. Use of set curves. One of the main techniques in preliminary

interpretation of gravity data is the use of standard or set curves, computed

for bodies of simple geometrical shapes. These set curves are compared to

selected field profiles, carefully chosen so that they intersect the anoma-

ly's maximum. Of course, more sophisticated inversion techniques are often

used for final interpretation, but conventional interpretation methods still

hold their place, particularly in the cases of field interpretation, and of

survey feasibility studies (when one has to reply to the question "can a

*cavity be detected or not?").

67. The following bodies are the most useful in the analysis of

microgravity anomalies, either alone, or using a combination of several

bodies to simulate an underground quarry or karst

* - sphere

- horizontal cylinder

- semi-infinite slab or fault
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-infinite strip narow

verica cyindrlwide (flat disc)

narrow (vertical tube)

-right prisms

68. Sphere. g Q tgalz 20 m z
3 (X2 + Z2)3/2

g max. 20 1
3 Z(dg\ma 20m 0,85685

g max -

(d max =0,85685
\dx/)

and Z =0.85685 g max

x~ max
69. The maximum gradient is for x =±0.50 z. For this value g (Z-)=

0.7 155 g max. Half value of g max is reached for x 0.766 z. Depth to center

is equal to the separation between inflexion points (which should be at

0.72 g max) as shown in Figure 16.

0,72g1
mxz g max.

10,Lgas-- --

5ZZIOm Ai a- 1.0g /cm 3

R=3. 296 m
Ms:M( tons)

5Figure 16. Example of anomaly due to a sphere.
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Once z is determined by the above formula, mass m of the sphere is given by:

3 z 2 g mox
m =

20

70. The following table summarizes the main results of the set curves

enclosed (for depths of z = 2, 3, 5, 10 and 20 m)

Table 6 : Sphere, maximum anomaly

Maximum anomaly (microgals)

Ueight Volume Radius z=2 m z=3 m z=5 m z=1O m z=20 m
for a = 2.0

8.4 4.19 1 14.0 6.2 2.2 0.6 0.1

67.0 33.5 2 111.7 49.6 10.7 2.7 0.7

226.2 113.1 3 - 167.6 60.3 15.1 3.8

1 1047.2 523.6 5 - - 279 69.8 17.5

8378 4189 10 - - - 558.5 139.6

67021 33510 20 .... 1117.0

The set curves (Fig. 17-21) at calculated for radii of R = 1, 2

3, 4, 5, 6, 8 and 10 m and depths to center of 1, 2, 3, 4, 5, 6

7, 8, 10, 15 and 20 m.

7 1. Figure 22 gives the maximum anomaly for spheres located at center

depths ranging from 1 to 12 m, with radii ranging from R 1 m to R = 30 m.

The family of curves is limited by a straight line corresponding to z = R

(spheres tangent to the soil surface). This straight line's equation is

g 20
- Z

a -03

In all cases of spheres

g 20o- Z<

0~ 3
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72. Horizontal cylinder (radius R in meters, dejpth z in meters,

AO in T/m 3, g in Pgal.

g,40 Tr R 2 z

3 x2 + z2

dg 80 L(0-.Tr R 2 Z x

dx 3 (x 2 + Z2 )2

ga =40. A " R__..H_2

3 z
or if P is the mass per unit length (P = o.IIR 2 )

4-Op
g max = --

fd\ 40 TR 2  Ao0 R 2
1-) mox= -- c - = 27.207

"dx 3 8 T 2  z 2

9
*g max z

Cdg a 0.6495
mox.

The maximum gradient is for x =. =-- 0.57 and
V 7z,

for this value g = 0.750 gmax;

half value of g max is reached for x = z and quarter value for

x = z.

73. For a same value of g max, the anomaly due to a cylinder is less

sharp than the one due to a sphere. (see Figure 24).

101-w 1O,75 g maox

gmox =50,U gals

gg

Z=10 M. 60o ~- 1.0gm /cc
R= 3.455
S =37.5 M2

Figure 24. Example of anomaly due to a cylinder.
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The mass per unit length of the cylinder will be given by

P = Ao.S = Au.flR
2 -3z gmax

40

g

1.0 g max

0.8 N

0.6 -

0.4 - cylinder
sphere

0.2

x
0 . I Z

0 0.2 0.4 0.6 0.8 1.0

Figure 23. Comparison of anomalies due to a sphere and to a cylinder

'4 74. The following set curves (figures 25-26) are enclosed:

- Radius R : 1, 2, 3 and 5 m

- Depth Z : 1, 2, 3, 5, 10, 20 and 30 m.

Figure 27 shows the maximum anomaly created by cylinders of radii

ranging from i to 8 m at depths of 1, 3, 5, 9, 15 and 30 m. A density

contrast of Aa = -2.0 g/cm 3 is supposed (void in a chalk environment, for

example).

75. Horizontal slabs. An horizontal slab, of thickness t and with a

density contrast AG, infinite in the x and y directions, gives an anomaly

40 tw
independent of its depth below the surface : g = Act (ligal, when t is

in m and Ac in g/cm3 ).

In the following paragraphs, we will examine the adjustments to be made

when the slab is not infinite in the x direction:

9 = 4o'nr 0-'t -f(t, z x)

3
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Figure 26. Anomaly due to a cylinder
(radius: 5 mn)
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76. Thick infinite horizontal slab. X+ P X 0
50T

Integration in the x direction :

..400 z dz dx
x 2 + z2  ~ Z+3 x 2 + 2 j+

g_ -i0 0-'dz tron-' X_ ]'=°40 0 z[E- - on'
3 z x - -2 0- dz o -

Integration from Z1 to Z2 yields :

g = 00 Z2 (T - tan-' ...L) dzi-z)

3 2 z
ZZ,g =0 221O Z2 -Z 1 ) 1 jZ2 tn-1 X1 dz(

g = 0 - (Z 2 _ Z1 ) - ctn-1 z dz*3 (2 J
zif

g = (00- Z 2 - Z1 ) z ctn z x (z2X2)Z2
3 2 x 2 Z1

g = 40___ -IT Z)+x
g 2" (T Z  - Z1 )-Z 2 tan-, +Z, t o n - 1 x x n
3 2 Z2 Zi 2 Z2 +x2

If x--- O g max- 40Tr- Z 2 - Z)

3
Limits If x- + 2g 0

If x 0 o g= 2---9 -o -( zz - zi
3

Horizontal d9 20 2 2gradient - - In x2 +eZ

/dg -400- Z 2

maximum for x = 0 k ) max - In -

Sgmax -iT (Z 2 - ZI)

* 1~~dg 1 I/Z )
)max In(Z 2 /Z

If Z 2 - Z1  = t and Z2 +Z

g max -2 t
Idg\ max 1,-L
dxn 2

2z
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77. The following table shows that as soon as z exceeds t, the

function U g ax is close to liz.

Table 7 Function I U Nas a function of thickness t and depth z.
\ z (thick infinite slab)

10 20 30 50 100

10 0.91 0 - - -

20 0.98 0.91 0.77 - -

30 0.99 0.96 0.91 0.70 -

50 1.00 0.99 0.97 0.91 0

1 100 1.00 1.00 0.99 0.98 0.91

200 1.00 1.00 1.00 0.99 0.98

Therefore g max

The approximation is correct (error of 9 % or less) when t .< z.

78. Figure 28 gives the half anomalies (outside the slab, the other half

is symetrical) due to semi-infinite slabs located between the following

depth :

5 m slab 10-15 m 10 m slab 10-20 m 50 m slab 10-60 m

20-25 mn 20-30 in 20-70 m

50-55 iij 50-6G m 50-100 m

100 m slab 10-110 m

20-120 i

* 50-150 m

06
I0

.0.



209 1LL gals
200 \

HALF ANOMALY

OVER EDGE

10

00.2

)0-15\ 20-2550-55 \70-75

2094 /gals
A0 &_ _ _

HALF ANOMALY

OVER EDGE

e1000 10-1n0 10-60 2o00 .~
7020170

0100 m 200m 360m 400m 500 m distance to edge of slob

Figure 28. Anomaly due to a semi-infinito horizontal slab
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It can be noted that the anomaly drops to 10 % of the maximum value (20 %

of the half-anomaly) at the following distances D from the slab edge

10-15 in :45 m 10-20 m : 50 m 10-60 m 100 m 10-110 m 180 m

20-25 m : 70 m 20-30 m : 80 m 20-70 m 150 m 20-120 m: 215 m

50-55 m : 160 m 50-60 m : 170 m 50-100 m 210 m 50-150 m 295 m

70-75 m : 205 m 70-80 m : 230 m 70-120 m 280 m 70-170 m 350 in

The distance D is approximately

D # 3 (Z + Z2)
2

where Zi is the top of the slab and Z2 the bottom of the slab as shown on

Figure 29.

79, Thick finite horizontal strip.
0 X M

The slab is supposed to be infinite in the Z

y direction.. Integration from y - to L/Z L/2 Z2

i~i Y + C "

40 0-zdzd Y

3 (x2+ z2 )  (x 2 +y 2 +Z 2)1/ 2 0

400- z dz dx

3(x 2 + z2 )

Integration from X =- L to x X + L:
0 x= X + L/2 2 2

g - COzd dx]3 x 2+ z2

f=X - L/2

g 400- dz t X+L/2 - X L/2
3 z Z
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THICK SEMI - INFINITE HORIZONTAL SLAB

D distance at which
(in) anomaly is reduced to 10%

0 * 5 m slab

300 A 10 m slab
0 50 m slab

x1O0 m slab

200 10

0

lb 2b zb 4o 5o do 80 9'o ibam

average slab depth

Z =- (z 1 + Z)
2

Figure 29. Thick semi-infinite horizontal sla);
distance at which anomaly is reduced to 10 % of maximum

6
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Integration from Z =ZI to Z =Z

g 07 2tan-' X+L/2 dz _ 2tn1X -L/2

400 F C 1 X +L/2 X +L /2 22]Z

tar=iz tan + I-/ in (x+ ~L) 2+Z )
z 2( 2) Z

400-Zta- 1 X L2 +. X-, /2 I X L 2 +Z 2X-L/22

* ZJLZL ZJ

X +L/ (X +L/2)? 2 Z 2 X-L/2 (X-L/2) 2 +Zj
+ In 2i

2 (X +L /2) 4 ZZ 2 (X-L/2) 4.Zl

The maximum value (for X = 0) is given by

g max =80 0 Z tan -I L Z ,1 tan 1L +L L 2o+4Z2

3Z 2 2Z 1 4 L

Above the edges, for X =± _L
2

g ( L/2)-' ZZ a -Z a- 1  2 L n Zi
-3 z2 _2n L2 + Zn

Horizontal gradient is given by

dg 200 (X + L/2)2 + Z2 ( X - L2)+z

dx 3 (X +L/2)2 +Z, 2 (X - L/2)Z+ Z2
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Maximum value of Eis attained for
dx

X = tV 4 +6

Or, setting Z1 + Z2 Z and Z2 - ZI= t
2

x /L_2 2Z.t/ Vi /L4 1Z4t4 422.~24 2
j V6 6

*The next tables give the values of the parameters defined in Figure 30

X

L

Figure 30. Bases of anomaly to a thick horizontal strip

3 - d3 max
40 dx/

* as functions of C =t/z

*40 0 z and of L/z

t0 _ 3 C
A 40 8

U g max -B

zd\max
kdx)
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KTable 8 : Anomaly and horizontal gradient due to a finite horizontal strip.

t/z L/z 0 0.1 0.2 0.5 1 2 5 10

0.0 x/z .577 .579 .583 .613 .717 1.075 2.507 5.001 -/2

A .000 .000 .000 .000 .000 .000 .000 .000 .000

B .000 .000 .000 .000 .000 .000 .000 .000 .000II t/g .751 .376 .153 .081 .048 .032 .027 .024

U 1.540 1.541 1.546 1.578 1.680 1.949 2.476 2.774 3.142

0.1 x/z .576 .577 .582 .612 .716 1.074 2.507 5.001 -/2

A .000 .006 .013 .031 .055 .081 .096 .099 .100

B .000 .010 .020 .049 .093 .157 .238 .275 .314

ta/g 0 .750 .375 .153 .081 .048 .032 .027 .024

U 1.538 1.540 1.544 1.577 1.678 1.947 2.473 2.772 3.139

0.2 x/z .572 .573 .577 .608 .713 1.073 2.507 5.001 -/2

A .000 .013 .026 .063 .111 .162 .193 .199 .201

B .000 .020 .040 .098 .186 .314 .476 .549 .628

to/g m .748 .375 .153 .081 .048 .032 .027 .024

U 1.532 1.534 1.540 1.572 1.674 1.943 2.467 2.765 3.131

0.5 x/z .541 .543 .547 .580 0.693 1.065 2.506 5.001 co/2

A .000 .034 .068 .162 287 .414 .492 .506 .511

B .000 .051 .102 .250 .470 .791 1.291 1.374 1.571

ta/g 0 .735 .368 .150 .080 .047 .031 .027 .024

U 1.497 1.500 1.505 1.538 1.641 1.908 2.423 2.715 3.075

N 1.0 x/z .429 .432 .438 .484 .627 1.041 2.504 5.001 -/2

A .000 .081 .161 .380 .651 .909 1.061 1.089 1.099

* B .000 .110 .219 .532 .985 1.612 2.188 2.748 3.142

ta/g 00 .684 .343 .140 .076 .047 .031 .027 0.024

U 1.350 1.355 1.361 1.400 1.512 1.774 2.252 2.524 2.860

1.5 x/z 0.241 .246 .260 .342 .543 1.013 2.501 5.000 -/2

A .000 .191 .373 .828 1.290 1.671 1.889 1.931 1.946

B .000 .194 .384 .909 1.601 2.495 3.597 4.124 4.712

ta/g .580 .293 .124 .070 .045 .031 .027 .024

U 1.014 1.017 1.029 1.098 1.241 1.493 1.904 2.136 2.422
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F/z L/z 0 0. 1 0.2 0.5 1 2 5 10 00

1.8 x/z .099 .111 .141 .268 .508 1.001 2.500 5.000 -c/2

A .000 .478 .874 1.611 2.188 2.624 2.877 2.927 2.944

B .000 .291 .563 1.240 2.052 3.065 4.329 4.951 5.655

to/g 0 .465 .240 .109 .068 .044 .031 .027 .024

U .558 .608 .644 .770 .938 1.168 1.505 1.692 1.921

1.9 x/z .050 .071 .112 .255 .502 1.001 2.500 5.000 -/2

A .000 .880 1.438 2.280 2.881 3.329 3.593 3.645 3.664

B .000 .353 .661 1.381 2.220 3.263 4.575 5.227 5.969

t /g 0 .403 .216 .103 .064 .044 .031 .027 .024

U .366 .402 .460 .606 .770 .980 1.273 1.434 1.629

1.95 x/z .025 .056 .103 .251 .500 1.000 2.500 5.000 o/2

A .000 1.442 2.089 2.967 3.575 4.029 4.297 4.350 4.369

B .000 .401 .724 1.459 2.307 3.363 4.698 5.365 6.126

to/g cc .365 .202 .100 .063 .043 .031 .027 .024
U .219 .278 .347 .492 .645 .834 1.093 1.233 1.402

2.00 x/z 0.000 .050 .100 .250 .500 1.000 2.500 5.000 o/2

A 0.000 c 0 00 0 CO W 0

B .000 .469 .799 1.541 2.397 3.464 4.821 5.503 6.283

ta/g cO .320 .188 .097 .063 .043 .031 .027 .024

U 0 0 0 0 0 0 0 0 0

80. The above Table 8 is computed for various values of t/z, ranging
tfrom - = 0 (infinitely thin strip, equivalent to the case described later in

t
* 1613) to- = 2.0 (z being the average depth z = 2 t cannot exceed 2 z

when Z, = 0). For each value of t/z, the parameters A, B, - and U, as
g

defined above, are computed for various values of L/z, ranging from L/z = 0

(infinitely narrow strip, as described later in 1617) to L/z = (for an

* infinitely wide, thick strip).

81. It can be noted that x (distance from center to point of maximum

gradient) is close to f (half width of strip) as soon as - > 2, with an

accuracy better than 7.5 7.

.#%"
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1610. Nomogram for the interpretation of a finite thick horizontal strip,

As in 169, the strip is supposed to be infinite in the y direction. Thick-

ness, depth and width can vary freely. From the formulas and tables derived

in 169. we have developed the following procedure using parameters defined in

Figure 31 and the nomogram in Figure 32 (where the procedure is illustrated

with a specific example).

egional Trerd

\dx/ ==

,, Figure 31. Example of parameters used in nomographic interpretation

1.I Evaluatedg = l dg) dg

dx 2 vdlu1 + dx 2 20 igals/meter

g max = 445 pgals

w
m . 

m
r..2 X = 40 m

2. Compute U gmax 0.556 0.56
2X (dg)ma

d max

3. Select a first value of t/z : 0.5r 'w t
4. Starting from ordinate 0.56, move horizontally until curve - = 0.5

(on main set of curves)

5. Read abscissa: - = 0.235 - z = 40 x 0.235 = 9.4 m
2x

6. From point A (0.56, 0.235), move downwards to point B on curve to

t g* (for- = 0.5)
7. zto

7. Read ordinate: -= 0.034

8. Supposing o = 1.0, compute t = 15.10 m and t = 15.10 = 1.606

9. Select a second and then a third value of tz

10.Plot computed c as a function of selected (t) s

I1.Point where c s is the best choice for the supposed value of

density a.

,",
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z z

0.5 9.4 15. 1.6

].0 10.8 15.6 1.44

1.25 12.0 16.2 1.35

Interpolation 1.30 12.2 16.25 1.0

12.Fom ntepoltedpoint A (0.56, 0.31), move upwards to curves 2x $ x)

L~ 
= 0

z=12m

yiedint z = 20.0788 re ronddaod0.
g2x =4.6vgLsruddt45

dx)~~ =a 0.9 20043 100l rone to 20.0

Thi texampe dept zeie as o aboveoin hertia cs

2. t = (. m

yiligX 0088mrude o2.

canntb usForI th t above eale welectedLcrewl il

2. t a0s

1.0 108 94 4

1.5 13. 19. 0t

rel 1.03 12)8 (16) (1.000)
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Using geological limits for maximum density contrast, certain

solutions can be rejected.

83. Semi-infinite thin slab. The slab is supposed to be infinite in

the y direction as well as in the x + direction.

+-X

z , |

z
01, Ot arbitrary Ac = 02-03

The first formula given in Paragraph 76 simplifies as follows,

when the slab is thin. The approximation is quite acceptable when t <z.

g =10 at TT + tan __ ( z >0

* 3 2 z

This can also be written: g = 40 a a-t

Limits:

To the left g - - 4 O t.
340 T

For x = 0, -- O (half of the maximum anomaly)
3 2

To the right g - 0.

Note : a quarter of the maximum anomaly is reached for x = -z.

First derivative dg _ 40 80-t z
dx 3 x2 + z2

Maximum for x = 0.

(dg 40 AO.

gmax _ _ _
- Ar

_
(.-9-max -- 60.-

__dx/ 3 z

g max -l""1z - Z

Sdg\max 0.31831
dx.,h x M



The enclosed fig.33 gives a normalized set curve for L Ao t 10.0.

84. Thin finite horizontal strip.

04

010 indifferent. Aa 02 0 C3.

a. First formulas:

The formulas given in 79 simplify as followjs when t < 0.5 z

g = 1- a a- t tn x + L/2 - tan~~ x -L/2
3 Z Z )

Horizontal gradient :dg _80 A 0.t.L.x
dx 3 [(x + L/2)?- + Z?][(x - L 22+ z 2 ]

g maximum for x = 0.

80 A0-- ~. t . ton- 1 L3 2z

Maximum horizontal gradient is reached for

... /1( 2 2 z * Z LY3 44 +16

b. Second formulas

When L > 2z, these formulas can be further approximated.

g max * 20 a TQTi-)
(dg max # 4 0  AOt. L2  i Z4 L2 -Z2

kdx) L2 + z -3iTT 2 S

reached for 3 L4

for which gl# 40o A a- t t 4  L(L-L 3
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Figure 33. Anomaly due tQ a semi-infinite thin slab

73



c. Third formulas.

Further simplifications are possible when L >> z

g max , 40 Tr aha-t
3

and d max - 40 A t. L2

\dx 3 z(L 2 + z 2)

reached for X1  L/2

and g 2-2 L

o91 20 Tr" a o-t 21mo, 0.500)

or l 3 (g max 0
d. Depth evaluation.

0

The ratio g max can be written as follows
1 \max
kdx)M-) M'€

g gmax (, 2 \dUgmax z - x 1 (for the second group
dxax 9of formulas)

For z 0.2 L U =2.365 (with exact formula U = 2.476)

z 0. 1 L U =2.769 (with exact formula U = 2.774)

For the third set of formulas U = g max Tz
(dg/dx) max

Generally, when comparing with paragraph 79 for a thick

plate, it can be noted that

- the first simplified formulas are accurate to less than

1 % if t/z < 0.2, whatever L/z.

- the second, more simplified formulas, can be considered when
L > 2/0 and 0.5.
z z

- The third, even more simplified formulas, can be considered

as limits, valid when L > 20 and -t ' 0.5.z z <o5
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85 .Interpretation of a wide strip. Taking into account the following

simplified formulas, valid when z < L/2 and for t < z/2,

g ma x 80 -.t ton- L
3 2 z

and L9 max 40 A 0-t L,
dx 3 zT +z 2)

leading to U -g max.. 2. (tr- z_(L_2_+_z

Figure1 4)kd max ) Z..

we have developed an interpretation technique for wide slabs (see

0 X

Note this method can be used even in the case of a tilted regional.

sxa

2 _

1st step determine inflexion points, yielding 'X)

~9~.L x1 + X

U g max

V L
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2nd step plot on curve (A), which is v = f(L), computed value of V as

ordinate, find -!- as abscissa, hence z.
L

3rd step for the same abscissa, read ordinate w of curve (B), which yields

g max

Hence, Au t = g max F(w)

As an example g max = 80 ligals

(4g) max = 4.0 ligals/meter

dx

L = 20 m

I 80

v = 0.4- 1.00

One reads = 0.50 ; z = 0.50 x 20 = 10 m
L

and A(' = 0.50 ; Au t = 80 x 0.50 = 40
g max

If Aa = 2.0, t = 20 m. This means that the strip is located between depths

zI = 10 - 20 = 0
2

and Z2 = 10 + 20=20 m.
2

Compared to the set curves of Paragraph 76, it is clear that this

simplified procedure is only valid when L/z > 2.0 and when L < 0.1 or 0.2.Z

86. Thick outcropping infinite slab. When zi - 0, the integration in

76 becomes :

g - 400- Z2 -Z 2 ton--- In ( z 2 +X2)+X In X
3 (2ZZ 22

and horizontal gradient d - 200- In X+ 2
dx 3 X

* 40 T0
If X - - ; grmox - -. TT. Z 2

3
If X - + o ; gmin -- 0

If X = 0 g _20 TTZ2
3

* If X = 0, horizontal gradient becomes infinite, except if Z, is very small
W but n&t nil (see table 6) dg -400 ((In Zz In zi )
l dx 3
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Thc usual depth criteria g max leads to
(dg /dx)max

gmax T Z1)

(2dx) Ma/ (2 j

Table 9 :Horizontal gradient for semi-outcropping infinite slat).

dg I _gmax
Z2  dx max (for a = 1) z ma

10 m I m 30.70 11/2.30 = 1.364

10 m 0.1 m 61.40 11L/4.61 = 0.682

10 M 0.01 m 92.10 11/6.91 = 0.455

10 m 0.001 m 122.80 H/9.21 =0.341

10 mi 0.0001 m 153.51 11/11.51 =0.273

87 . Thick outcropping finite strip.- (i 01 0

g400- JZ [ton-' X ,L/2 - o- -/] +/ (X +L/2) + Zj
g3  __Z Z t& 1 XL2 1 XL2 (X + LI/2)2

2 )2Z
______In (X -L /24+Z
2 (X -L /2) 2

gmax = 800-Ztn-1L +L I +4Z
38~ ta~ 2 Z2  4. n14

if Z 2 is small :gMax =Z 2 , q -Tr Z 2

dg _ 20-In (X+L2+. X- L-/2*-2 2 (horizontal gradient)
dx 3 ((X + L/2 )2  (X -L2J +-z

Maximum (infini te) value of 1is attained above the edges =±
dx

At these points:

g ( L/2) = 400 Z2  tan-1I L +,..L L + *

3 _z2 2 In 2

Figure 35 gives values of as a function of for various

v:alues of Z
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Figure 35. Anomaly due to an outcroppping strip
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Mhen the slab is only semi-outcropping, with Z 0, values of g max and

g (L/2) are practicaily unchanged. Maximum gradient is attained for

L 2 z 2 L z~ Z2X # I"L + 21 Z2 + 6 wit _ 5Z

2 L 2  1)- _ L + ,with E L( L2 + Zi)
or x L

2f 2 2()max 200 a LE In E
(2-x3 (L+ C)z 42

( a) x 40" In ZI
dx 3 L

88. Narrow strip. 0 x M

0Z 
0

Zi a

z X

(0"3 , 02-O(3 AO"

01 1 1 C"4 indifferent

',,'hen L is small compared to Z I , Z2, the integral to be considered is

g 407 L Z2 z dz

g -

3ZZ Z2

g - L In x2z 2
3 Z3

li 3 X 2 Z 2

1
setting t Z 2  Zi

G -20L7L In + ( Zl+t/2) 2  (I)

3 X2 + (Z-t/2) 2

and Gmox : 20A0 L In (Z,+t/2)2
3 (Z1 -t/2) 2 :

",,-



Vertical gradient is

g__ .408 0-.L.t (X 2 - Z2 + t 2 /4)

Z 3 (X 2 +(Z +t/2) 2 )(X2 (Z-t/2 )2 )

and horizontal gradient

G ~ 8OA0-L t X Z

x (X2+(Z+t/2)2 )( X2 + (Z - t/2)2 )

Maximum for

Formula (1) given above simplifies as follows when z > t

g 40 a-tL z

3 3

40 .Ot L

g max - a0a (2)

2

The maximum horizontal gradient is

max .5 \/?A 0't. L
zz

reached for x1  or x =0.577 z as for a horizontal cylinder. For

this value V

g, 10 A0. t. L

and g 1 = 0 .750 (as for a hiorizontal cyl inder) .
g max

* The ratio u is given by

P. gmx (as for a horizontal cylinder)

(si)max 0.64952

*Tables given in paragraph 76 show that the above approximations of xi and

of u are correct (accuracy better than 5 %) if both following conditions

exist L'0.7 z and t < 0.7 z. They are also valid if 1, t



89. Horizontal, cylindrical body of narrow cross-section. Consider-

ing a narrow prismatic body, infinite in the y direction, and of cross-

section S = t.L, having a mass per unit length of

P = Aa t L = Ac S

The above formula (2) gives :

3z g max

40

90. It can be seen that the formulas giving g max, ( dg) max and

corresponding values g, and x, for maximum gradient are exactly the same for

a horizontal cylinder as for a a narrow buried strip. In fact, any narrow

elongated body (of reduced height), continuous in the y direction, of mass

per unit length P will give the same values

Sg max -40P

3z

L imax 5V3
*&. z2

reached for g 10
z

and for x1  t 0.577z

z being the depth to the center of gravity of the body. The following ratios

will hold

" - X

* ___ ~~1.155'z -o7s a

-- --- gmax 50/IJI0

g max z '

(d. max 0.64952•,dx )

and : 0.750 z=10 m
9 max

t. 12.5 m
SL- 5.5, t-=-6.82

.. / .

R 3.455 m,
Figure 36. Bases of anomaly due to a horizontal cylindrical body
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91. Comparison with tables given in paragraph 79 shows that the

above approximations hold (with an accuracy of 5 %) if both the following

conditions exist : L/z < 0.7 and t/z .< 0.7 and also if t = L. In the above

sketch, the very narrow body (3 x 12.5) will only be equivalent to the

* cylinder if its middle depth z is greater than 17.8 m. In the case of a thin

prismatic strip of feeble height, the same general formula as for a cylinder

is found:

- 400 6 x 6z.z

MxAzx

or g 40 Pz
3 x 2 + z 2

dg 80P xz [II z
dx 3 ;,2?

40 P Zgmox - __ _

3

max -
9

dx/ 3 8V'3z 2

Z
X =-V'3

and g max 8 \V3- -z Z

(dg) 9 0.6495
xmax

These formulas are exactly the same as for a horizontal cylinder.

92. Vertical, limited bodies. These bodies are useful in microgravity,

/particularly for computing the influence of mine shafts. We will consider:

- the vertical cylinder of infinitely small horizontal section

- the vertical cylinder of circular section

- the right rectangular prism

- the right prism of any polygonal section
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93. Weighted line (vertical cylinder of infinitely small
horizontal section)

x

P=

Section S density
Scontrast O*

Figure 37. Bases of anomaly due to a weighted line

The vertical component of gravity is given by

z2

20oS z z dz

.w. z2

3 I(x2+z2) +/2 z1/

g = + ( z2)1/2 - (x2+z2)1/2
1 2

Limits aS

When x >> zI, z 2 , g a S (z2-z 2 )
T, 3 2 1

When x = 0 g = 1
3. 13 z 1I z 2

Numerical exam2le (case of mine shaft 2 m in diameter,
"-5 a = -2.5)

(a) zj = 0.5 m z2 = 20 m

(b z = 5 m = 20 m

(c) Zj = 0.5 m z2 
= 50 in

* (d) z1 = 5 m z 2 
= 50 m

a84
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Table 10:anomalies (in microgals) due to a vertical cylinder of small section

0 1 2 5 10 20 50

(a) -102.1 -44.2 -22.8 -7.9 -2.9 -0.8 -0.1

(b) - 7.9 - 7.7 - 7.1 -4.9 -2.3 -0.7 -0.1

(c) -103.7 -45.8 -24.4 -9.4 -4.2 -1.6 -0.3

(d) - 9.4 - 9.2 -8.7 -6.4 -3.7 -1.6 -0.3

It can be noted that :

- the anomaly is very strong when the cylinder is outcrop-
ping, but in that case, it reduces very much at a short
distance.

- the overall length does not change the anomaly very much.

94. Vertical cylinder of circular section

C Wh Men the cylinder does not have a infinitely small section, its anomaly is

given by the following integral

.11-.

Z2

Figure 38. Bases of anomaly due to a vertical, circular cylinder

a=2H r=R

20c da f rdr rdr
3-0 (x2 +z2 )1/2 (x2+z2)1/2
a=O r=O 12

with x = (r2+X2-2rXcosa)1/
2

-, The integration in respect to R is possible

RrJ rd2  I(2 x+ X 1/
0 (x'Z) 2 [= (r2+X2+z2- 2 r x

cos o ) 112 +2r

* +Xcosaln I2(r2+X2+zC2rXcos)I/2+2r2XcosaII
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However, the integration in respect to a is a more compli-
cated problem. Despite the efforts of several geophysicists
and mathematicians (Parasnis, 1961 and Singh, 1977), the
exact mathematical solution of this integral is not known and
the analytical procedures long and tedious, leading to slowly
converging series. The integration is however very easy along
the axis of the cylinder, and leads to

g = -Zi- \/R Iiz
g z2 1

The exact anomalies for x = 0, for the 4 cases computed
previously are the following:

Simplified formula Exact formula

(a) -102.1 -62.1
(b) -7.9 -7.8
(c) -103.7 -63.7
(d) -9.4 -9.3

It can be seen that as soon as the cylinder is slightly
* buried, the approximate formula becomes correct. Of course,

if the cylinder was outcropping, the approximate formula
becomes incorrect, giving, for zj = 0, g (at the center) -
instead of:

g(x=0, z1=O) = 403 [

Outside the axis of the cylinder, the usual practice is to
consider that at a certain distance, the appropriate formula
is correct (which is correct especially when the overburden
z 1 is thick) and for medium distances, to interpolate between
the exact value on the axis and the values at long distances
computed with the approximate formula.

Another procedure is to consider that the cylinder is in fact

a right rectangular prism, and to use Nagy's formula (see par.
1619). Alternatively, the horizontal section of the cylinder
can be assimilated to a polygon, and the procedure described
in section 1620 be used.

95. Flat disc

When R > z, the equation giving the anomaly along the axis of
a vertical cylinder has the following limit, writing

t = Z2-ZI

g--ot 1 -2

It can be noted that as soon as R > 2z, the error becomes less
than 5 %. When R z, we find the general formula for an

S infinite slab 40 flat

86
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96. Right rectangular prism. Nagy (1966) has shown that the vertical

component of the attraction of a right rectangular prism is given by:

Z2 Y2 x2

Gz =- [[x ln(y+r)+y ln(x+r)-Z sin - I  Z2+y
2+yr 1 11

Z2  Y2 x2

or G=- c0[[F] 3
Zi Y Xl

If x or y axes (or both) are crossed, the integration must be carried out

separately from the lower limit to 0, then from the lower limit up to the

upper limit. For example; if yj < 0, Y2 > 0 and xj, x2 > 0:

G 2 [ Z 2 0 Z2 Y2 x 2cZ [[[F] 1 [[F]]
* ZI yi ZI 0 X1

These expressions, if written out completely as by Nagy in the general case,

look very cumbersome. However, they are easy to program on a computer. The

.effects of the prisms of sections and lengths corresponding to the cylinders

of the previous chapter follow (section of cylinder S = HR2 = H x 1, side of

equivalent square prism = V ). The prism is symetrical in respect to x and y

axes, and the anomalies are computed for y = 0

Table 11 : maximum anomalies for cylinder and prism

Cases Weighted line Vertical cylinder Right square prism

(a) -102.1 -62.1 -61.7

(b) - 7.9 - 7.8 -7.7

(c) -103.7 -63.7 -63.3

(d) - 9.4 - 9.3 -9.3

It can be seen that the right square prism gives results very close to those

of a vertical cylinder of same section, along its axis.
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0

EFFECT OF RIGHT SQUARE PRISM
cr (MINE SHAFT)

0p

L :i

0=1.772
__x

* I I densiy CT =2.5

zL

0=1.77 1.77

zi= 0.5
Z2 = 50

50-

I 1.77
zl =0.5
Z2= 20

0,=1
z 2 = 50 a-=___ 1,77__ 

__ _

zl= 0.5
zL 20

1 2 3 4 5 6 7 8

Figure 39. EffecL of a righL square prism
(side -1 .77 in)
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Figure 40. Effect: of a ri~lit squarc prismn
(side = 5 )
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Table 12:anomalv (in microals) due to a squareright prism (side = 1.772 m)

x 1 2 5 10 20 50
Ca se s

(a) 61.7 44.0 23.4 7.9 2.9 0.8 0.1

(b) 7.7 7.6 7.1 4.9 2.3 0.7 0.1

(c) 63.3 45.5 24.9 9.4 4.2 1.6 0.3

(d) 9.3 9.1 8.6 6.4 3.7 1.6 0.3

Case (a): z1 = 0.5 m z2 = 20 m

(b) z1 = 5 m z2 = 20 m

(c) z1 = 0.5 m z2 = 50 m

(d) z1 = 5 m z2 = 50 m

97. It should be noted that:

- the simplified formula for the weighted line gives very similar values to

the right square prism, except for x < i m, and when, at the same time,

overburden is very small (considering normalized parameters x and - i
-l , with

z = (zl+z2)/2, the limits are around -L < 0.01 and z i < 0.01).
Z z

- the very upper part of the prism creates the major part of the anomaly: for

a same z1 value, the anomalies for z2 = 20 or 50 m are very similar.

- for ^ 0.20, the anomalies do not depend much on the normalized thickness

of overburden 
z-

- - the major part of the anomaly is visible above the prism itself ; the

anomaly drops out very quickly outside, especially when the overburden is

thin (for z1 = 0, the anomaly is reduced to half its maximum when x >

a
1.2 -, that is, just after the edge of the prism).

98. Effect of a horizontal thin polygon. Following Talwani (1960),

an(d Moudressov et al (1979), the anomaly due to a thin horizontal polygoonal

lamina is I ':ciih
* ~ 1=n

20 -i xi xi+1 yi yi+
AG = -0 A Z --- Cos ri- ri+- ri

i=1 rir+l

-sin-1 Zq 1 S Iin ZfiS

2 pi+2/2 +

(pZ (pi+Z2)

0

II00

.g.



where a density

AZ :thickness of lamina, Z :depth of lamina

X,yi coordinates of Successive vertices of the polygon,

xi+1,yi+1 i increaing counterc lockwise

rj =jjxi2+V 1 2}

ri,i+1 = (x,-x,+1)2 + (yi-yi+1)
2  1/2

S = +1 if Pi > 0 ; S = -1 if Pi < 0

14 = +1 if Mi > 0 ; = -1 if mj < 0

yi-yi+1 Xi..Xi+1
i r., i+ I- r. i+1

Xi-.Xi+l Xi yi-Yi+1 Yi
=i ri,i~ i-i- r ,i+1 ri

Yi Xi+1 yi+i xi
mi-

rj ri~l ri+l ri

* Z2

For a right polygonal prism: G fAG.AZ

* = 1

*This formula has proven very useful for computing the effect of

the pyramid of Cheops which is not square. It is also used for computing

terrain corrections, and for modelling dams.

99. Anomaly due to a sloping embankment.

Figure 41. Bases of anomaly due to a sloping embankment
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T'he attraction of a thin slab is given by

40 11 -I x+
G 3 Ac.Az - tan

Integration from z = 0 to z = 11 leads to

0 7 - x cos , 112 2cosa 11G = V .A. - tan + sin2 a In +
-ta 1' sina 211 jx sin cc S ina x

+ - sina cosa tan- + - + a. It xsin'a, sinc 2

Figure 42 gives values of G for a standard value of H = 10 m,

as a function of the angle a and of the distance to the top of the

* . embankment M. For other values, one can compute:

Its
G(1l,s) = G(tO,1) x t

NTO

and read as a fonction of

100. Special intepre ation technigues. In the previous section (53to96)

we examined various interpretation techniques, mainly based on the use of

set curves, completed with depth evaluation with Bott and Smith's (1958)

formulas and with the use of nomograms. We will now consider in this section

a certain number of special interpretation techniques:

- second derivatives, very popular with petroleum geophysicists

- two-dimensional inversion and modelling

- three-dimensional inversion and modelling

101. Spectral analysis and Fourier transforms, also frequentl-, used in

petroleum gravity interpretation, often need large data sets. These techniques

have not been used much in microgravity. In fact, at CPGF, we prefer spatial

filtering, as described in section 174, even for oil exploration, rather than

working in the frequency domain.

102. Second derivatives. Gravity being a Laplacian function, we have:

6TC 62C hsat
+ r+

*Therefore, if We Compute the horizontal second derivatives from field data,

11. N 7" 11
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the vertical second derivative is given by

,5C z- "G 6 2C,
- =

- ( 6'2 +  \

The horizontal second derivat ives can be computed in two manners

(a) The Bouguer values G, inside a moving window surrounding the point where

the second derivatives are to be computed, can be used to best fit a

second decree polynominal, by minimizing

"I: = - (ax2+bx+cy +dy+e) 2

The second derivatives will be:

2 a

0Y

* The main problem is the selection of the size moving window, which

,ill automatically influence the result.

/ (b) The second method is mainly useful in the case of gridded data. One com-

putes the averages G(i) of the Bouguer values at various radi r(i)

surrounding the considered point where the Bouguer is 6(o). It can be

shown that the second vertical derivative will be given by:
2ive iy:

= a(o)C(o) + ai G(i)
i=I

Suitable coefficients a(i) and radi (s) have been published by Henderson

and Zeitz (1949), Elkins (1951) and Rosenbach (1953). Two formulas are

given below: )

62G 4 -1

,4-(o) - 3 C(s)- -- G (SV-2) + G 6(SV'5)
T7LS 3 3 .

As in the first method, the result heavily depends on the radi selected.

Once is computed, it can be ised for depth evaluation and for filter-

ing as follows:
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%



EXISTING STRUCTURES AND (U) COMPAGNIE DE PRO0PECTION
9GEOPHYSIQUE FRANCAISE RUEI NALMAISD J LAKSHNANAN

UNCLASSIFIED 29APR 8DA45-865-0 8 6C8F/G /5 L



UUI

0

'1.

11111 . 4 ,-6

- *,W



103. Sphere (volume V)
20 z

3 (x2+z 2)3!2

62(, 60 a r-7 O ?2
6- 3 Nz 3 2 9 2

mx=20 O -2
g max= oN3

62G 120 -4

6zlm -ax = 3oV z

It results that depth z can be evaluated by:

V Gina xx

104. lorizotlc ine

g~ z ~
3 xz

2G 80 flRz(z 2-3x2)
Z -3(x2+z 2)3

Forx =0 gmax40 R2

For x =0 62gmax 80 R2-

Depth ~ ~ zzsgv y

z=1.4142 Cma x
6 Z;ax

105. Semi-infiniteplt

X

*40 F1 -1 x
eg (tC + tan -

-2 40 2xz

0-70t T -

95
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Maximum for x =

s2C\ 20 at
max -3= --

g max (x- 4 = flct

-74 max 2H(1 G max Z7

z =0.3989

- ma x

106. Thin_ 2 !ate

*~ 2l

L z

= 0 1 2 
_ 1xi

G - at(tan tan ta
3 zz

62 G 40 x2 X1

5z 3a z1 x (x1'-+z'J

Gmax = - at tan-

,max 80 a t zL z for x2 =-and x1 i L

T 73 +2 ( L +1 2 2

*Gmax -z2a 
1 -L 2zY +1

-2 2z * L
6z ) max z

or z =a

* (+4) max

a depends on the ratio L as follows:
z

* 96



Table 13 : depth evaluation of a thin plate (second derivative).

L 0.1 0.2 0.5 1 2 5 10 20 100

a 1.411 1.402 1.344 1.175 0.798 0.283 0.104 3.0365 0.003

L
When -- _ , a - 1.4142 (as for the horizontal cylinder)

z

Wh en---- m a 32 (L)3/2
z J1 L

Measured vertical gradient.

107. General. In microgravity, it is possible to actually measure the

vertical gradient of g, using a tripod or, if necessary, a tower (Fajklewicz,

1976, Blizkovsky, 1979 and Butler, 1984). The general idea is to help deter-

mining depth to anomalies. If the anomaly is very shallow, repeating a

station one meter higher will strongly filter it out.

We will give here a series of formulas, while in case history

section II, Civaux nuclear power plant site survey is a good example of the

practical use of this method.

108. Sphere

- T (with r2  x2+z2 )

d_$ 20 -3 x2-2z 2 ]

dz 3 m r

dz I x
2-2z

2

U Z r -Z

2
For x = 0; u= ---

z

109. Hlorizontal cylinder (radius R)

g 40 2

o- HaR 2 
z

2 _Z2
d_ 0 oR2 x-

dz 3 r

dz= I x2-z2
u = - r_

Z g

__1

* For x 0; u = ---
z
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1ii. Wide plate

Consider first three adjacent cylinders of radius R = az
40 R 2 4a2+3g max = la --42

R 4a +8a-

and (x4) (x=O) 40 R2 l1a4+8a 2+3
z z "(4a7'i l)L

dz I 16a 4+8a 2 +3U g z 16a+1 6a2+ 3

1 8a

or u -- -

dz b gu -- --- andz=
g z dg

dz
Table 14: parameters for depth calculation from vertical gradient

0 for 3 vertical cylinders.

RRelative width = 0.6 1.2 2.4 3.6 4.8 6.0
z 

I

a = 0.1 0.2 0.4 0.6 0.8 1z

b 0.9997 0.9127 0.7856 0.7342 0.7413 0.771

111. W-hen the group of 3 cylinders is very deep, b - 1 (case of a

unique cylinder). If one had considered more adjacent cylinders, the average

value of 0.74 would be further reduced to 0.5, 0.3, etc ... In the case of

an infinitely wide plate of thickness t, g -- Hat, which is independent
3

of z, then b - 0.

112. To summarize, the ratio u of the vertical gradient above the

center of the anomaly divided by the maximum value of the anomaly, varies as

follows:

dz b
g z

Point source (sphere) : b = 2.0

Line source (horizontal cylinder, ratio L < 1.0) : b = 1.0

Wider, 2 dimensional source : b < 1.0, depends on ratio L,* Lz

for 3 < -
< 6, b '- 0.75

z
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Very wide source: b - 0.

113. Nomogram for the interpretation of vertical gradient. For a

sphere or a horizontal cylinder, set curves can be computed, giving A& as a
dz

function of g, for various values of x, and not only above the center of the

anomaly. The enclosed graph (figure 43) gives these curves for:

- spheres at a depth of 5 m (in detail for -100 and -200 Tons)

- spheres at a depth of 10 m (in detail for -1,000 Tons)

- spheres at a depth of 30 m (in detail for -10,000 Tons)

- spheres at a depth of 60 m (in detail for -100,000 Tons)

- single cylinders at a depth of 2.5 m

- single cylinders at a depth of 5 m

- single cylinders at a depth of 15 m

- single cylinders at a depth of 30 m (in detail for radius R = 6.2, 13.3

and 20 m)

- a group of 3 cylinders at a depth of 30 m (R = 7.68).

It can be seen that the group of 3 cylinders (R = 7.68) which has

the same total section as the single cylinder of radius 13.3, gives a differ-

ent curve, with lower vertical gradients.

114. The example comes from the Civaux nuclear plant site survey in

France, designed to be built on Jurassic limestone. At a first (now abandoned)

location, many gravity anomalies were found (see case history section 711).

It can be seen on the chart that gravity anomalies are in 3 goups:

- shallow light (A < 0) anomalies, located at depths of less than 20 m,

- deep, light (Ac < 0) anomalies, located at depths of 30 to 60 m,

- shallow heavy (Aa > 0) anomalies located at depths of about 5 m.

The use of this chart helps to confirm conventional depth evaluation.

115. To conclude, interpretation using both vertical gradient values

and residual anomalies, along a profile crossing the structure, can help

evaluate depths up to 50 m, even if the gradient is measured with a single

0 vertical interval of only I m. But this needs the interpretation of several

gradient measurements. A lone vertical gradient measurement is of no practi-

cal use. These remarks and the nomogram can be considered as completing the

thorough evaluation of vertical gradients made by Butler (1984).

116. Vertical gradient measurements in tunnels. When gravity measure-

ments are made inside a tunnel along a single profile, it is not possible to
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separate a heavy cause above the tunnel from a light cause below the tunnel.

This ambiguity disappears when measurements are made at two separate eleva-

tions. This is shown by considering the effect of a sphere (see Figure 44.)

The results are summarized as follows

MAG A
- Ag

AZ

>0 <O light cause under the tunnel (Ao < 0)

>0 >0 " " over the tunnel (0o < 0)

<0 <0 heavy cause over the tunnel (Ao > 0)

<0 >0 " " under the tunnel

>0 0 on the side of the tunnel

<0 0 light cause on the side of the tunnel (Ao < 0)

Intermedaite effects may be computed for anomalies not located

in the same vertical plane as the measurements.

In case history section 5 describing Blaisy Bas railroad tunnel,

most of the anomalies were due to low densities located below the tunnel,

while a few of them were due to heavy causes above the tunnel.

117. To conclude, systematic vertical gradient measurements are abso-

lutely necessary in gravity surveys made in tunnels. Otherwise, interpret-

ations are completely ambiguous.

117. Two dimensional modelling. When detailed geological information

is available, more detailed interpretation can be made, instead of simply

trying to identify anomalous bodies as described previously. This is not

often the case in microgravity surveys, while two dimensional modelling is a

routine procedure in petroleum gravity surveys. One of these 2-D techniques,

the MODCONG program used by CPGF, is described as follows. Two dimensional

modelling is of course only valid if the structures are rather elongated.

a.The first step is to consider a certain structure, i.e., depth limits

(zl, z2, z3) separating 2, 3 or 4 layers, and suppose corresponding constant

initial densities (01, 02, 03, o4) and then compute gravity C(j) due to

this model (using for each prism Nagy's (1966) formula).

i-n

Cj) o(i,o) I(ij)
* i= I

I (i,j) being the influence of layer i on point j.
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b. The second step supposes that one of the parameters (depth Z(p,j) or

density G(p,j)) can be adjusted. The fastest procedure is the iterative

adjustment of densities, supposing that along a given layer, densities

may vary from one point to another.

Figure 45. "MODCONG" two-dimensional modelling

Gb vaible Zi = fixed (TO Zo fixed

"110-_ vrl Z, fixed

0-1 = constant Z2 = fixed

0-2 = constant,Z 3 = fixed 02 Z3 adjustable

0-s = variable, automaticallyadjusted,Z 4= fixed - -3

117. At the Civaux nuclear plant (general description in the case

history section) this program was used on 3 main profiles. A four layer model

was introduced as listed in Table 15.

Table 15 : densities at Civaux nuclear plant

Layer no. Geology Average Initial density

thickness contrast

1 Sand and gravel 10-25 m -0.2

2 Fractured limestone 10-25 m +0.1

3 Dolomitic sand 10-20 m +0.3

4 Compact limestone 20-30 m +0.2

5 Compact basement 0.0

* Variable initial depths were obtained frum drill holes and frr.m ;eismic

refraction profiles. The main problem was the possibility of local low

density lenses in layer 3 ; the model was first adjusted supposing that

all the gravity anomalies were due to this layer. However, density DENS 3

was constrained to the interval -0.6 to -0.2. Figure 46 shows improvement

of the correlation coefficient (between measured and computed gravity)

after each of the 6 to 8 iterations.

118. After stabilization, the densities DENS 2 of layer 2 were allowed

to vary between 0 and +0.2, and 5 to II iterations made. Moving up to the

V 103
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first layer, a final iteration was made, allowing DENS I to vary. After these

3 phases, the initial correllation coefficients were improved from 0.816-0.899

to 0.9996-0-0.9999. Figure 47 shows the same procedure, using the mean square

difference, expressed in centimilligals (Icmgal = 10 microgals). The adjusted

model is shown on the cross-section on Figure 48.

120. To summarize this technique as used at Civaux, it consists in

trying to adjust a model, mainly on an initial deep layer, and then working

it up towards the surface. It yields the deepest possible structure, located

above the top of the last fixed layer. Final results are shown on Figure 48.

It should be noted that, to avoid edge effects, gravity should be known (or

extrapolated) up to a distance of about 7 times maximum depth, at both ends

of each profile.

121. Another remark concerns the transverse width of the model. CPGF's

MONDCONG algorithm is in fact a 2.5 dimensional model, where a finite trans-

verse width can be introduced. For infinitely extended horizontal bodies, of

finite cross-section, Talwani's (1962) algorithm can be used, where the cross-

section may be a polygon of any number of sides. This technique is convenient

when a small number of bodies is considered. When one wants to adjust depths

or densities of one or several layers, CPGF's MODCONC algorithm is preferable.

122. Three dimensional (3-D) inversion. Three main techniques can be
Sf -1----------------------

used for 3-dimensions :

(1) - Processing in the frequency domain (not used at CPGF)

(2) - Inversion using spatial filtering (technique frequently used at CPCF)

(3) - 3-D iterative modelling (similar to the technique described in para .115)

Inversion using spatial filters is quite commonly used at CPGF in microgravity

surveys, and is therefore described here. The mathematical bases were descri-

*bed in detail by Bichara and LLkshmanan (1979, see appendix4 ), while the

principles and an application to microgravity were described by Lakshmanan

(1973 and 1977).

123. The basic assumption of CPGF's spatial filter supposes that,

* below a semi-horizontal surface (Z - 0) on which measurements are made, all

causes of gravity anomalies are exclusively located between 2 horizontal

planes ZI and Z2 , and correspond to density variations and not to depth

variations.

For this case, supposing in particular that measurements are made
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over a regular grid and that density variations follow the same grid,
gravity G(i,j) at points (i,j) is a function of densities of prisms forming

the layer Z1 , Z?.

Figure 49. Schematic of "TESTFIL" 3-D inversion
0 ji) k, 1)

oa~l = I I MI~ ij GI ~
I ~ ~ k -__ __ __ _ _ _ __ _ _ __ _ _ _

x(k ax xc) =k ct(kinjk~) ok

o(klma)-yl= (l= (linj)Gi,)

1 he points ed locatd along ategularngrwind is largebenogh cntant

the o coefficients wil l beeqae fo: ahpit(,)

124. Empiricxamlly, if the suationuslarpriedlout, nie a moving0
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+ Number of elements used: 7 x 7 = 49

+ Slab depth (ZI, Z2): 7 to 11 m

+ a = Zfilter coefficients = 0.0067

+ maximum filter coefficient = 0.066

+ b = a x (Z2-ZI) = 0.0268
3

+ Theoretical coefficient b =  
-= 0.02394011

(the better the filter, the closer b is to 0.0239)

126. For this particular case, the numerical coefficients for computing

density a are:

O= 0.0 6 6 0g(0) - 0.0 7 9 6g(10)

+ 0.00 9 8g(10V) + 0.0170g(20)

-0.0019g(10V-5) - 0.0003g(20V\-) - 0,0037g(30) - 0.0004g(lO V -1)

+0.0003g(10VI3) - 0.0001g(0OV2)

The normal procedure used at CPGF is to start the inversion with a very deep

* layer between Zn and Zn-I and then work up towards the surface. The results

include :

- initial residual (or Bouguer) map

* - density map for each hypothesis of depths (Zn, Zn-i)

- gravity due to the model

- difference map (between measured and computed gravity)

- statistical map (correlation coefficient and mean square difference maps,

the parameters being computed on a moving window).

127. We have shown that the filter should be extended laterally, so

that the total radius of the area involved in the processing around each point

should exceed 7 times maximum depth. However, it is preferable to limit

(by suitable sampling) the number of values for each inversion to 9 x 9 = 81

* (49 is usually used).

128. Case histories 711, 714 and 716 illustrate the use of spatial

filters. They show the "sharpening" effect of this inversion technique. Even

if the selected depth is not perfect, the very "soft" edges of a gravity

• anomaly clear up very well. This is also obtained by the second derivative

transform, still in favour among petroleum geophysicists. The main and funda-

mental difference is that, if both methods have the "sharpening" effect

needed for an effective interpretation, the spatial filter additionally yields

* a fundamental geological parameter, the relative density of the layer (for

the supposed depth). As shown in appendix 4 , a maximum depth compatible with
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logical densities can be deduced, which is a more limiting factor than pure-

ly mathematical criteria.

129. Three dimensional modelling. If one suspects that densities in

the different layers of a 2, 3 or 4 layer model are constant but that depths

limiting one of these layers can vary, the modelling technique used at CPGF

is more complicated to carry out. Supposing a 3 layer model, with possible

depth variations at the bottom of the 2nd layer, the following steps are made:

- ist step: determine possible limits cf variations of bottom depth Z 2,

limiting the layer:

Z2 min, Z2 max

- 2nd step: determine Z, min, Z I max corresponding to the geological model

- 3rd step: make a 3-D inversion as in 174 for a horizontal layer limited by

Z0 = Z min and Zo+t = Z max, compute densities 0 2 (i,j)

Zo

- 4th step: make a first evaluation of thickness AZ of second layer with

fixed density

AZ = (Z2 max-Z] max) x
0 2( i ,j)

!I I
/ l i/ / / / I

//
/ / / l i i l i

7
/ /

77

1 Z(adjusted) 1 = Constant.,",-' 2 ' f' / \ 136 b :62b -dIl
4th Z2e .... ' = constan~t
4 thstep

d2b = Constant

Figure 50. Bases of 3-dimensional modelling

- 5th step: compute new base (or top) of second layer Z2 = Z1 + AZ and new

values Of Z2 min

- 6th step: compute gravity (GC) due to new model and compare with measured
gravity (GM)

l[to

'I& N 11,1 11%0



- 7th step: divide second layer into non-adjustable upper part, and adjust-

able lower part, with separation at Z = Z 2 min

- readjust layer between 72 min and .2 by going back to 3rd step and continu-

ing as often as necessary (2 or 3 iterations are usually sufficient).

130. As for the density inversion procedure, the products include:

- initial and final graviLy maps

- depth maps

- statistical maps

Various possibilities can be selected

- fixed bottom or fixed top of a layer

- constraints for maximum variation

- variable density basement as sketched below (in this case Z2 is taken to

have an arbitrary, very large value);

61 = Constant

62-- vriobl'

131. A three layer model can also be adjusted. After a certain number

of iterations, the yet non explained residual can be transferred to another

(usually superficial) layer and its thickness (or density) be in turn

adjusted.

* = variable 60=C

61 : Constant

61 : Constant

6 2 Constant

* 62: Constant

Figure 51. Techniques of 3-D modelling

The technique is described in detail by Alessandrello et al, 1983 (see

* APPENDIX 4).



132 . Direct evaluation of total mass. It can be shown, using Green's

theorem (Schoeffler, 1978 and previous others) that the total mass M causing

an anomaly is given by:

+o +co

M = 0-- f f g(x,y).dx.dy40 r1

(whatever the shape or depth of the cause). However, the main problem in the

practical use of this integral is the selection of the'radius inside which

the integration is to be made efficiently. For example, in the case of a

1,500 Ton sphere, centered at a depth of 10 m, the integration with a AX =

AY = 10 m grid, simplifies as follows:

k=i+m l=j+n

Z _V G G(k, 1) .AX.AY40 k=i-m 1=j-n

According to the size of the window -m, +m, -n, +n selected, the following

approximations are achieved.

Table 16: Calculation of total mass by integration of gravity

m Total size of the window M approx.

Depth M real

0 1.0 15.9 %

1 3.0 50.7 %

2 5.0 67.4 %

3 7.0 76.2 %

4 9.0 81.4 %

5 11.0 84.8 %

e 6 13.0 87.2 %

J 7 15.0 89.0 %

* 133. When the window is 15 times the depth (169 points used), the

accuracy becomes nearly acceptable (but the error is still in the order of

10 %). The equivalent radius is 8.46 times the depth. If the anomaly were not

spherical but more or less elongated, the ratio would have been greater.

134. In conclusion, this method is not presently very popular at CPGF,

due to the fact that microgravity surveys are often not very extended, and
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that integration of fC.dx.dy over a limited area only yields 50 % to 75 Z

of the total mass. The method can however be used to make crude evaluations.

135 • Microgravity survey planning and design. Prior to carrying out a

survey, it is absolutely necessary to carry out some preliminary modelling,

in order to reply to the following questions:

- are the anomalies detectable or not?

- what is the most reasonable grid?

The two questions are in fact closely linked. Due to the known

accuracy of microgravity measurements, one can consider that an anomaly

exceeding 10 microgals on 3 adjacent stations, is very probably true (if the

measurements were made during at least two different work programs). Without

entering the field of probability analysis, and referring to set curves of

section 16, this means that the following spherical voids can be detected

(with a density contrast of -2 gm/cc).

S

Table 17: sphere: minimum spacing so that anomaly exceeds 0 ligals on

adjacent points

Depth Radius Mass deficit Maximum anomaly Minimum grid
of sphere (Ogals) for 3 points > 1011gals

(m) (i)
1 1 8.4 T 56 1.5 m

2 1 8.4 T 14 1.0 m

2 2 67 T 112 4.0 m

3 2 67 T 50 4.1 m

3 3 226 T 167 7.1 m

4 2 67 T 28 4.0 m

4 3 226 T 94 7.4 m

4 4 536 T 22-3 10.5 m

4 5 1048 T 437 13.5 m

5 2 67 T 18 3.4 mn

5 3 226 T 60 7.6 m

5 4 536 T 143 11.1 m

5 5 1048 T 279 14.3 m
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Depth Radius Mass deficit Maximum anomaly Minimum grid

) of jjjce (Jga is) for 3 points > 10pgals

7 2 67 T (9) Not achieved

7 3 226 T 31 7.4 m

7 4 536 T 73 11.6 m

7 5 1048 T 143 15.5 m

7 6 101O T 246 19.1 m

10 3 226 T 15 5.6 m

10 4 536 T 36 11.6 m

10 5 1048 T 70 16.3 m

10 6 1810 T 121 20.6m

10 8 4290 T 286 28.9 m

15 3 226 T (7) Not achieved

15 4 536 T 16 9.0 m

15 5 1048 T 31 15.9 m

15 6 1810 T 54 21.5 m

15 8 4290 T 127 31.6 m

20 4 536 T (9) Not achieved

20 5 1048 T 17 13.4 m

20 6 1810 T 30 20.9 m

20 8 4290 T 72 32.9 m

30 6 1810 T 13 13.9

8 4290 T 32 32.3

* 136. This table, which is shown in graphical form in the enclosed

figure 52, can be summarized by the following rules of thumb:

- optimum detection of spherical voids of mass M needs spacing of the same

order of magnitude as depth

- maximum depth of detection z < I
3

- For a horizontal cylinder, with a density contrast of 2 gm/cc, the following

iI table 13 gives the maximum anomaly and the minimum spacing so that three

points (on a transverse profile) have an anomaly exceeding 10 pgals.
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Table 18: 1L dmemnmj~Lai"cata ajpsn ints ex-ced 10 1gl

Radius of Max. anomaly Minjimum spacing
Depth cylinder (for a =2) for 3 points > 10 jigals

(mn) (mn) in inicrogals (mn)

1 1 84 2.7

21 42 3.6
22 168 7.9

3 1 28 4.0

2 112 9.6

3 251 14.7

5 698 24.9

5 1 17 4.1

2 67 11.9

63 151 18.8

5 419 32.0

7 821 45.0

10 1679 64.5

10 1 (8) Not achieved

2 34 15.3

3 75 25.6

5 209 41.7

7 411 63.3

10 838 91.0

20 2 17 16.4

3 38 33.3

4 67 47.8

5 105 61.6

7 205 88.4

10 419 127.9

30 2 1.1 10.3

3 25 36.9

5 70 73.4

*7 137 106.8
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Radius of Max. anomaly Minimum spacing

Depth cylinder (for a = 2) for 3 points > 10 pgals
(M) (M) in microgals (M)

40 3 19 37.6

5 52 82.3

7 103 121.7

137. Results concerning horizontal cylinders are shown in graphical

form on figure 53. It should be noted that actual cavities are often easier

to find than one could expect, This is due to a phenomenon of migration of

voids towards the surface, by caving in.

In addition, it should be reminded that microgravity often detects

* karstic zones (groups of cavities, fractures, etc ... ) and not just individual

cavities. This has been particularly clearly shown by numerous surveys

carried out in the northern part of Paris and its suburbs, as reported in the

case history section (Porte Pouchet), as well as by Kutkan and Lakshmanan

(1969) and Bolleli and Lakshmanan (1965).

0

0
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PART 2: APPLICATION OF MICROGRAVITY

TO THE DIRECT IN-SITU MEASUREMEINT

OF EMBANKMENT DENSITIES

138. General. The generalized Nettleton technique described in 146 was

first developed by C1PGF in 1976 for microgravity surveys, in order to improve

terrain corrections. We soon noticed that the procedure yielded an interesting

by-product, the densities of the slice of ground located above a variable,

smooth datum linking tile lows (or relative lows) of the topographic surface.

In the particular case of an embankment constructed on flat terrain, such as

a railway embankment, a road embankment, or a river or canal levee, the

datum can be a horizontal plane, which represent the ground surface before

construction of the structure. In that case, the formulas given in the 39

can be written as follows, with h being the height of the embankment

0 U COV(_,h) - COV(Ar,h)Ol =  0 + - 4011

3 COV(Z 3 ,h)

go is the initial residual computed with density o0,

Ar = gjm-3m, difference between 2 successive values of the regional anomaly
3CQ_

and Z3 = 11 - 4 0:'oo

C O being the terrain correction computed for density o0. After two iterations,

a stable solution giving new values of embankment densities at each point is

obtained.

• 139. A~plication to railway embankments. An example is given by Bichara

and Lakshmanan (1983). It concerns the density evaluation of a railway embank-

ment, 6 to 7 m high, in the south of France. A profile in a weak section gave

an average density of 1.88 gm/cc, while in a section of good quality,

* a density of 2.15 gm/cc was computed. Another example concerning the Arles

viaduct along the Aries-Marseilles railroad is described in the case history

section.

/40. Cheop s _ ramid micr ravisy urvcy. This method has been applied

and largely improved during 1986 and 1987, during the processing of the

gravity survey carried out by CPF in the Great Pyramid of Cheops in Egypt.
]119
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Tie main results of the first two surveys (Way and October 1986) are des-

cribed in the enclosed paper "Microgravity probes the Great Pyramid", by

J. Lakshmanan and J. Montlugon (1987) (see annexure 2). A third, more compre-

hensive survey was made in February 1987, during which the 4 sloping edges

and a perimetric profile around the Pyramid were surveyed. A total of 608

stations were taken during the three surveys.

141. The interpretation procedure developed by CPGF includes a series

of steps. Instead of computing, as usual, the Bouguer anomaly, gravity

measurements on or in side.a finite body are only corrected of the free air

effect. The free air gravity (FA in microgals) is given by:

FA = kR + 308.8 z - 0.7025 x

R is the gravity reading corrected of luni-solar variations and of instrument-

*al drift,"k is the instrumental coefficient

* z is the elevation of the station and 308.8 the free air coefficient

z is the latitude (in meters) and 0.7025 the latitude correction (at Cairo's

latitude).

In a first step, FA can be considered to be the sum of:

- the general attraction P of a homogeneous theoretical pyramid of density OP

from which the effect C of known cavities is subtracted

- the attraction 0 of ground around the pyramid, computed from topographic

maps at a scale of I to 5000th, up to a distance of 5 km

- long distance regional effects (RE = ax+by+cz) due to remote causes,

supposed to be linear, and evaluated from the interpretation of a regional

1/1000000th gravity map (in fact, ax and by are very small and were added

* to the next linear coefficients Ax and By, while cz was used to correct FA).

- short distance regional effects Ax+By+C.

142. P and C having been calculated for an arbitrary density 00, a

multivariate regression between FA, (PC) and y leads to the evaluation
,0 x

* of the real average densities oP of the pyramid, oT of the ground around the

pyramid, and of the linear coefficients A, B and C. Taking into account the

effect CR due to heavy slabs of granite surrounding the King's chamber

(density 2.70), the equation becomes:

0 FA-GR-cz = oP + aT.O + Ax + By + C + RE
00
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I h 3 It should be noted that 9 is not the usual terrain correction T

used in normal gravity processing. 0 is the influence of the real terrain,

while 7 is the usual correction made by "erasing" topographic features located

above the tation elevation Z, and by "filling in" valleys located below z.

The algorithms leading to 0 and to T are similar but differ in signs, as shown

below:

STATION T= effect of + effect of

i,

Conventional terrain co ection.

"IIN

NIN N -N

00

.-

0 effect of

~Figure 54. Difference between terrain corrections and influence of topography

! . After regression, a residual value of free air gravity was computed at

each of tile 608 stations. After examining the values of these residuals,

tile pyramid was divided into 21 blocks and, tile bedrock into'6 blocks,

" forming what w'e called the "macrostructure" of the pyramid. Multivariate

@ regression yielded the absolute densities of these 27 blocks, shown on he

> ' $'ifollowing sketch. Central block 21 includes nearly all the accessible

k.¢, tunnels and chambers (see Figure I and 2 in enclosed paper).
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Figure 55. Macrostructure of Cheops pyramid

9
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22, 23 26 2425 12

144. In a second step, in order to explain certain well organized

residuals, 3 extra blocks were cut out of blocks 20 and 25, and the central

block 21 was divided into 94 blocks, selected in order to take into account

the organized residuals. This is the study of what we called the "mesO-

structure". The first degree residual obtained by the regression of the

macrostructure" replaced the Free Air gravity, and a second regression was
0

made, yielding the relative densities of the new set of blocks (to be added

or subtracted to density of block 21).

145. In a third step, a certain number of blocks of the "mesostructure"

were redivided into blocks of "microstructures", and a third set of regres-

sions made, using the second step residuals. Improvement in the knowledge of

the densities is shown by the following mean square averages of residuals

in microgals.

- Free air gravity (initial values) 1150

- acrostructure (I density for pyramid + bedrock): 32.9

- Macrostructure (I density for the pyramid,

I density for bedrock,

neglecting effect of granite,

neglecting Ax + By): 11.06

- Macrostructure (ditto with Ax + By): 5.93

-Macrostructure (ditto, with granite at 2.60 and Ax + By): 5.56

- acrostructure (ditto, with granite at 2.75 and Ax + By): 5.53

- acrostructure (25 blocks in pyramid, 7 in bedrock): 2.26

- esostructure (27 smaller blocks dividing block 21): 2.06

- icrostructure (with extra blocks around King's chamber

9. and around Queen's gallery): presently in progress,

should reach 1.5
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I Z, 6. Apjlication of the method to other structures. During the Cheops

survey, we carried out at the same time:

- the development of a new technique for assessing densities of existing

structures

- the survey of the pyramid itself.

If a new survey were to be carried out on another existing struc-

ture, a rock fill dam for example (1,000 m long, 50 m high, 200 m wide), the

following procedure would be advisable:

1) Obtain topo maps surrounding the dam, at a scale of 1/10000th for example,

covering an area of at least 3 x 2 kin, and digitize at a 100 x 100 m grid.

2) Obtain a topo map of the structure and its surroundings, at a scale of

1/1000th, and digitize at a 20 x 20 in grid (the corresponding elevations

have to be carefully checked and connected with those of the gravity

*survey points themselves).

3) Plan and carry out a gravity survey covering all accessible points on the

structure and, if possible, inside it (along drainage tunnels, for exam-

ple) with a station spacing of about 10 m.

4) Extend the gravity survey outside the dam with a 50 m grid close to the

dam, and with a number of "regional" profiles extending to 2 km from the

dam.

5) Compute free air gravity

6) Divide the structure and the surrounding terrain into a very large set of

prismatic blocks B(i) corresponding to the survey points and to all digi-

tized points (i) (one or several blocks/point). For example, the number

of blocks can be 1,000 for 200 measurements (see enclosed figure 56).

7) Compute the effect E(i,j) of each individual block on each survey point(j)

for a standard density of 1.0 and store on tape.

8) Add effects of all blocks forming the structure (SS(j)=ZS(i,j)) and of

all blocks forming the terrain (ST(j) = ZT(i,j)).

9) Compute global densities oS and OT of structure and of terrain by

regression:

FA(j) = os.SS(j) + oTr ST(j) + ax + by + c

10) Compute first step "residuals" (differences between measured and computed

values), examine carefully and regroup blocks B(i) accordingly, into a

reduced set of macrostructure blocks 1I (k), both in the L ure and in

123
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the terrain (for example, 30 blocks.

11) Compute effect El(k,j) of blocks Bl(k) on survey points (j) by adding

values computed in (7).

12) Compute densities o 1 (k) of blocks Bl(k) by regression.

13) If necessary, readjust by regrouping certain blocks and go to (11).

14) If necessary, divide important blocks of the structure, particularly in

zones where sufficient data are available, into a mesostructure, and run

steps similar to (11), (12), (13),

15) If necessary.(and possible), create a (or several) microstructure(s)

and run steps similar to (11), (12), (13) until mean square differences

are less than 10 microgals and until residuals show no organized struc-

ture. The final product obtained is a model giving absolute 3-D densities

of the structure and its foundation. We will show in the case history sec-

tion 710 (example of Dowell-Schlumberger plant) that one of the main advan-

tages of the regression technique is that it is not necessary to dispose

of gravity data extending largely out of the survey area, as with the

other inversion techniques.

147. Measurements during construction. M.L. Jladj-Aissa (1986) described

a method of embankment monitoring by microgravity measurements, before, during

and after construction (J. Lakshmanan was a member of the thesis jury). ills

method can be summarized as follows:

- a first set of measurements is made on the ground surface, before construct-

* ion,

- a second set made at the end of the construction, on the top of the embank-

ment, exactly at the same horizontal coordinates (x,y) as the previous set.

- the gradient between upper and lower measurements is a function of the

density of the embankment, as with the borehole gravity meter, but with only

a half coefficient (while the lower readings are made, the embankment does

not yet exist).

148. Taking into account CPCF's techniques developed at Cheops pyramid,

*0 we have modified Hladj-Aissa's method as follows:

- we consider the free air anomaly and not the Bouguer

- we take into account the vertical gradient before construction (neglected

bv Han-Aissa)
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Decomposing the dam into a set of prisms (j), whose gravity effect

on measurement points (i) are P(j,i) for a standard density of 1, the 2 free

anomalies are related as follows:

j=n

FA(top, i) = FA(bottomji) + (j i).oj + DFA(bottom,i)

Az is the elevation difference between top and bottom points (i)

nj is the (unknown) density of prism j.

--- is the vertical gradient obtained by interpretation of FA (bottom).

The above equation is linear with respect to unknowns oj. If the

number of measurement points Ci) is sufficiently large, compared to unknowns

* (n), a mul' Ivariate regression yields best fit values for aj.

The interpretation of FA (bottom) can be made before construction

of the dam, by various means. Particularly, a separation of the foundation

into "k" blocks of densities D(k) gives a set of j equations with the un-

knowns. A similar regression yields D(k) and an upward continuation is then

easily made, using Newton's law, and from there 2K can be evaluated.

149. The vertical gradient can also be computed by a linear filter,

such as published by Schoeffler (1975):

1 .4 j,(o) - I 1 g (S-) - 0. 12 g (S V 2) - 0. 96 g(S \V7)D7 - il

1ladj-Aissa has used a similar method on the Al Moustakbal clam in

Algeria, as well as along several road embankments in Belgium. Some of these

measurements were made at 3 levels (bottom, middle, top).

150. The borehole Gravity meter. This tool, which is in fact a remotely

Z- operated gravity meter, is constructed by Lacoste and Romberg. The surface

A electronics have been strongly improved by EDCON, Denver, Co., who is the sole

contractor supplying this service. This tool is primarily used in the oil in-

dustry for in-situ density measurements. The vertical gradient of "free air"

corrected gravity is directly proportional to the density of a horizontal slab,

in the case where other lateral sources of vertical gradient can be neglected.

'If readings RI and R2 are made at two elevations Z, and Z2, apparent density

is given by:
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a = 3..6,013 +
Z I -Z 2

The "radius of investigation" is about 50 to 100 meters (LaFeihr, 1983).

151. Present applications to civil engineering have been limited to

nuclear waste disposal sites (Bichara, L.aurin, Black, LaFehr, 1981 and

Lakshmanan and Kutkan, 1985) in Denmark and in Switzerland. Limitations are

presently related to the required hole diameter (at least 5 1/2") and cost.

IHoever, one can imagine a development of this tool for the evaluation of

embankment densities, as described in chapter 24.
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PART 3: APPLICATION OF MICIOCIAV1TY TO GROUTING CONTROL

AND OTHER REP EAT SUIRVEYS

152. Gencral. If the ground elevation is not modified by the works, the

differences between measurements made before and after grouting are only due

to the grout. Supposing that the ground is formed of zones of constant

densities, plus an extra zone p-s1, whose density can be modified by the grout,

then before grouting:

G(O) = iIi + o(0,p+l)Ip

Ii being the influence of the different bodies i on each measurement point,

including terrain corrections, for a density o0 = I

• i=p

After grouting G(1) = oiIi + o(lp+l).Ip
%, i=lI

p Change in density will be given by:

o(l,p+l) - o(O,p+I) = I, Ip

Measurements need to be made very carefully, with stable and non

movable (cemented) station positions.

The following case history was completed with the use of a small

part of the funds made available to CPCF by the present contract. In the case

history section, chapter 78 describes another case, the Nanterre reservoirs,

where measurements were made before and after grouting.

Case history of Varanjf_6ville railroad

153. General. The Paris-Strasbourg railroad has been affected by sink-

holes, near Varang6ville (Lorraine) since nearly one hundred years. CP'CF has

carried out 4 surveys for SNCF (French railways):

R~f. 2220: microgravity survey in June-July 1981

R6f. 2311: microgravity modelling, December 1981

R:f. 2364: 4 drill holes with logging while drilling, June-July 19R2

R6f. 303R: microgravity survey in December 1986

R~f. 3169: 2 drill holes with logging while drilling, August 1987

1 2 8i il i l l



154. The average geological cross-section (with corresponding depths):

- 0 to 2-, m made ground and/or red dolomitic clay

- 2-3 to 7-9 m Beaumont's bedded dolomite

- 7-9 to 17-19 m sandstone (sandy clays, siltstone and silty clays)

-17-19 to over 100 m: gray and red siltstonc wiLh gypsum lenses in the upper

part

- Below 60-80 m : salt beds are interstratified.

The age of these formations is triasic. It should be noted that the hydro-

geological conditions may be locally modified by the presence of a canal,

which follows the railroad all along the surveyed section. These sink-holes

have diameters reaching 2 to 4 in, and are mapped as black circles on enclosed

Figure 57, left part), with corresponding dates of movements (example "annie

1956"). Several geotechnical surveys and drilling have shown that the sink-

holes could be related to karstic cavities in Beaumont's dolomite, and also

in gypsum lenses located between depths of 20 and 40 m.

155. Another cause of the sink-holes is the old St Nicolas-Varang~ville

salt mines, located between depths of 100 to 150 m. An old (uncontrolled) map

of these mines is produced on figure 57(b), with boundaries shown with dotted

lines. If these boundaries are correct, it would seem that the mines are only

related to the sink-holes between kilometer points 365.000 and 365.100. After

the occurence of each of these sink-holes, SNCF has carried out many repairs

repairs :

- filling

- grouting (1978, 1980 and 1982)

- construction of rigid steel platforms ("tablier m6tallique" on the, map).

156. The purpose of the first gravity survey (1981) was to check the

existence and position of remanent voids and to help plan the next grouting

campaign. It included two lines of microgravity stations (one along each track)

with spacings of 7 or 14 meters, with a total of 183 stations in a section

0 760 m long. It should be noted that for maximum coverage, the stations on

track 2 are located at mid point of stations on track 1. The second survey

(1982) included 4 drill holes 27.5 m deep, with logging while drilling

("LWUD") recording. These drill holes were equipped with "tubes h manchettes"

for subsequent grouting.
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The third survey (1986) was a repeat microgravity survey. 90 gravity

stations (mainly along track i) were repeated in order to control the

development of sink-hole phenomena for the last 5 years.

157. Iesults, 1981 microgravitysurvey. The microgravity results are

plotted as follows:

- Bouguer values, plotted on figure 57

- Residual values on the left part of map 58, after subtraction of a

graphical "regional" (it should be noted that this regional leads to

maximum residuals of -40 microgals, while a higher regional between 364.700

and 364.900 would have doubled the residual).

The survey showed 4 main anomaly zones:

a) PK 364.400 to 364.550: several narrow anomalies with maximum negatives of

-20 microgals. Modelling suggests causes at less than 10 m depth. These

anomalies seem often related to a first set of sink-holes. Of course,

previous grouting has strongly reduced the anomalies from their initial

vaijes (if measurements had been made). It is in this zone that a stoel

platform had previously been constructed ("tablier mtallique").

b) PK 364 364.580 to 364.720: a set of anomalies attaining -40 microgals are

strongly correlated with an impressive series of sink-holes and with the

second steel platform. Maximum depth of causes can range from 0 to 10-20 m.

It could appear that the eastern part of this anomaly has not been grouted

sufficiently.

c) PK 364.750 to 364.920: a wide anomaly (-40 or -80 microgals, according to

the choice of the regional curve) seems related to the old salt mines. The

voids may have "moved up" a bit, but are still not at the surface, Lo sink-

L hole having been observed.

d) PK 365.300 to 365.140: a set of narrow anomalies reaching -20 microgals,

related to 2 sink-holes. These anomalies probably have superficiel causes.

In December 1981, modelling was made, using extensive drilling data

(15 drill holes on each track, for a length of 80 m) made before 1980,

5 prior to any grouting. The drill holes reached 20 m and a density inter-

pretation was made, supposing the following densities:

Sound rock : 2.1 gm/cc

Slightly open rock : 1.95 gm/cc

Very open fractures: 1.75 gm/cc

apparent "voids" 1.30 (water or mud filled)

30
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158. The corresponding gravity profile for the south track is shown

at the top of the "difference" profile, figure 59, with anomalies reaching -100

to -120 microgals around the distance points 360.150 to 360.670. After the

drilling which leads to this "initial" model, about 3,000 cu.m of cement grout

were grouted in this section. The comparison between this theoretical profile

and the one measured after grouting shows that

+ the grouted zone probably extends on a transverse width of about 50 m

+ grouting is insufficient between 364.590 and 364.640, and that the lack of

grout is in the order of 500 cu.m.

159. Results, 198 2 drill holes.

Drill hole F4 is located in a critical part of anomaly (a) defined above.

Drill hole F3 is on the western edge of anomaly zone (a)

Drill holes F1 and F32 are in the main part of the anomaly zone (b).

These holes were drilled with a percussion up-hole hammer, with water flushing.

Pressure on the tool was maintained constant and the following parameters were

recorded during drilling (with a Lutz recorder)

- instantaneous rate of drilling (in meters/hour)

- reflected percussion, as measured by an accelerometer fixed to the up-hole

hammer.

160. After completion of drilling, a gamma ray was run. The Lutz para-

meters can generally be interpreted as follows:

Voids, open fractures, loose fill: high drilling rate (often over 500 m/h)

Clay filled fractures: high drilling rate, low reflected percussion

Slightly fractured or weathered rock: medium drilling rate (50-100 mr/h),

variable reflected percussion

Hard rock: low drilling rate (10-20 m/h), Igh reflected percussion

As an example, log of drill hole F1 is supplied (Figure 59(c)). The

interpreted cross-section follows

0 to 3.2 m : fill (drilling rate is not significant, as a 94 mm

5 casing was first installed, before pursuing with a

64 mm tool)

3.2 to 8.0 m : weathered dolomitc, with a very loose zone at the

base. The gamma ray clearly shows the upper and

* lower limits of the dolomite
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0

8.0 to 20.0 m clayey sand or siltstone

After 20.0 (up to 26.0 m): hard siltstone or sandstone (without clay after

22 m)

The 4 drill holes found various loose zones, but not real voids. The

probability of sink-holes can be appreciated by examining the cumulative

ticknesses of zones where drilling rate exceeds 100 m/hour :

Table 19 : Varangville railroad: 1982 drilling results

Drill hole Total thickness Gravity anomaly
(microgals)

F4 7.4 m between 0 and 7.6 7.8 m -32

0.4 m " 22.3 and 22.7

F3 4.5 m " 0and 5

1.0 M " 6 and 10.5 7.8 w -6

2.3 m " 13.8 and 26.7

F1 3.6 m " 0 and 4

0.4 m " 7.2 and 7.6 4.9 m -35

0.9 m 10.3 and 17

F2 3.5 m 0 and 5.0 3.5 m -44

161. The depths at which these loose zones were found confirm micro-

gravity modelling, with loose zones mainly in the first 10 meters. However,

no clear correlation is seen between the values of the gravity anomalies and

the drilling results. We know from experience (see Civaux nuclear power plant

in case history section) that in karstic zones, good correlation is obtained

between microgravity and drilling results only when at least 15-20 drill holes

* are available. Following this drilling campaign, limited grouting (in the

order of a hundred cu.m) was made at the end of 1982, using these holes.

162. Results, 1986 microgravity Survey and comparison between the two

surveys. This repeat survey confirms the general results of the first survey.

On the lower part of figures 59(a) and (b), a residual map is plotted. The

same regional was used as for the first survey. The three anomaly zones (a),

(b) and (c) are clearly seen (zone (d) was not resurveyed). The comparison

be . .twen the two microgravity surveys is shown
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on figures 59(a) and 59(b) (specially prepared for this report). In the

upper part of the figure, the Bouguer anomalies along both tracks for the

1981 survey are shown, overlaying the measurements made in 1986. The repeat

profiles are very similar (even for certain small details, such as the small

negative peak at 364.540 on the north track). The lower part of the figure

shows the substratum between the two surveys (1986 minus 1981). Over the raw

difference curves, we have plotted a smoothed difference curve.

163. Along the north track, several zones show out (note: "increase"

means "values becoming more positive" ; "decrease" means "values becoming

more negative").

1) 364.400 to 364.425: increase of about 10 microgals (this zone has been

grouted through hole F4 at the end of 1982)

2) 364.435 to 364.475 these two parts of anomaly zone (a) seem to have

decreased by 10 to 20 microgals, by reduction of

3) 364.500 to 364.525 previous positive zones

4) 364.535 to 364.640: variable increase, averaging 10 microgals (this zone

has been grouted at the end of 1982, through holes Fl,

F2 and F3)

5) 364.650 to 364.675: decrease of nearly 10 microgals by extension towards

the east of the main part of negative anomaly (b)

6) 364.685 to 364.720: increase of 10 microgals

7) 364.790 to 364.875: decrease of deep negative anomaly (c) by 10 to 30

microgals, suggesting that the cause of this anomaly

is "moving up".

164. Along the south track, the repeat survey was shorter. However,

the following features are confirmed:

+ 364.575 to 364.610: "positive" zone (4) seen along the north track is

confirmed, with an increase of about 20 to 30 microgals

(grout through FI)

+ 364.625 to 364.660: confirmation of decrease in zone (5) (-15 microgals)

* + 364.660 to 364.700: confirmation of increase in zone (6) (+10 to +15 micro-

gals).

165. Detailed modelling of two incomplete lines is not easy. However,

from the subtracted profiles, it is possible to infer approximate maximum

depths at which changes have occurred. For above mentioned positive zone (1)
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along the north tracks, depths would be less than 5-10 m (smoothed curves).

Note that the grouting in hole F4 was made for the top 10 meters. For the

negative zones (2), (3) and (5), depths of density reduction are also less

than 5-10 m. For positive zone (4), as clearly seen on the south tracks,

depth is less than 10 m. In fact, grouting was made at Fl, for the top 10 m,

as for drill holes F3 and F2 on the north tracks. The small positive zone (6)

is difficult tu explai-., unlces one supposes that the effect of grouting in

1982 extended to (6) through (5), and that after 1982, a sink-hole sector has

developed in (5), separating positive zones (4) and (6). For the major nega-

tive increase (zone (7) along the north track), the difference profile

suggests a cause about 20 m deep, while the 1986 profile suggests a depth of

Napproximately 25 m for the total anomaly.

166. Results, 1987 drill hole survey. Two new drill holes have just

been drilled up to 30-31 meters (F5 andF6, locations on lower part of map

* 3038-02). These two holes found soft zones (drilling rate over 100 m/h) at the

following depths.

% Table 20 : Varang6ville railroad: 1987 drilling results

Drill hole Total thickness Gravity anomaly

F5 8.2 m between 0 to 8.2 m 8.2

1.7 m " 9.5 and 11.5

0.8 m " 13.2 and 14.5 12.2 -80 ligals

1.5 m " 16.4 and 17.8 4.0 (1981)

0.3 m " 18.9 and 19.4

0.2 m " 20.5 and 21.7

F6 5.8 m 0 to 5.8 5.8

* 0.7 m 8.0 and 9.5 13.3 -60 pgals

6.4 m 12.4 and 18.7 (1981)

7.5 -80 pgals

0.4 m 20.5 and 21.6 (1986)

* The thicknesses of loose zones are much greater than for drill holes Fl to

F4 , which is compatible with the gravity anomalies

Total loose thickness Gravity anomaly

e Average Fl to F4 6.0 m -29 (1981)

Average F5-F6 12.75 m -80 (1987)
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The depth of occurrence of density anomalies (7.1) and (7.2) as modelled

20-25 m. compares well with the deeper zones found in the drill holes

(particularly at F6). These loose zones (7.1 and 7.2) are located in the

" gr~s A roseaux" sandstone layer, between 8 and 21 m, while the underlying

silstones seem compact.

167. Conclusions on the Varangville surveys. The two microgravity

surveys show tliat, despite several series of grouting campaigns, several

zones (where sink-holes have already occurred) still show negative anomalies.

These negative anomalies have "decreased" by 20 to 40 % during the past five

years while limited grouting shows up by a positive "increase". Extra grouting

in limited zones could be planned with the help of microgravity results.

In the western part of the survey, the anomalies are located in the top 10

-meters (fill and "Beaumont" dolomite). In zone C (anomalies 7.1 and 7.2),

where a wide negative anomaly seems related to old salt mines, the negative

*amplitude has been accentuated by up to 30 microgals (probably over 30 % of

1981 value). Causes are mainly located between 8 and 20. m depths. However,

no sink-holes have yet been observed in this east section.

It has been suggested to SNCF (French railways) that the section

between 364.750 and 364.900 be carefully monitored, and that in addition, a

third repeat survey be made in 1988.

168. These surveys show the possibility of using repeat microgravity

surveys to monitor active changes in sink-hole areas, as well as the effect

of grouting, and can be used to complete other monitoring techniques. such as

surveying and stress measurements.

Other repeat surveys

169. Apart from the above described Varangville

* case, which includes zones where repeat measurements controlled grouting and

others where they show development of sink-holes in gypsum, CPGF has conducted

several repeat microgravity surveys. They all aimed at observing changes in

active karsts (particularly in gypsum). We should mention the Echaillon canal

(in Savoy) where a first profile showed anomalies reaching -800 pgals (our

*record!). A year later, some of the anomalies had reached -850 pgals.

170. In another field, the work of Fajklewicz (1983) deserves a

mention. lie carried out repeat microgravity surveys in mines, in order to

* predict rock bursts.
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171. The extensive repeat surveys carried out by J. Fett (unpublished)

in California, in order to predict earth iiovements related to earthquake

prediction, should also be mentioned.
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PART 4: COMPARISON OP- 'ICROCRAVITY

WITH OTHER GEOPHYSICA, TECHNIQUES

Detection of cavities by other geophysical methods.

172. Detection of cavities by resistivity and electromagnetic methods.

V.'e will exclude radar, which has already been studied extensively for tunnel

detection, for the U.S. orps of Engineers (Ballard, 1983). D.C. resistivity

has often been tried, including at CPGC (Lakshmanan, 1963), because it is an

easy-to-use method. However, its use in urban environments is generally

impossible or very difficult, becausu of stray currents and of various

conductors such as pipes or cables.

173. In addition, it has been shown (Habberjam, 1969) that the maximum

depth at which a resistive sphere can be detected is very small ; the tcp of

*O the sphere has to be buried at less than a radius under the surface. In the

case of a Vlenner array, with an electrode spacing of "a", above an infinitely

resistive sphere of radius R, whose center is at a depth of z meters, the

following ratios of P will be obtained.
PO

Table 21: Effect of resistive sphere

z/R Optimum a/R PO

1.25 1.04 1.58

1.50 1.20 1.23

&1.75 1.28 1.14

*2.00 1.36 1.11

2.25 1.38 1.07

174. Considering that at least a 10 7 change in apparent resistivity

is necessary to obtain confident results, a sphere of 1,7 m radius should be

at an axial depth of less than 3,4 m (corresponding gravity anomaly

-24 igals, for a density contrast of -2.0). For a sphere of radius 2.29 m

(volume 50 cu.rn), z < 4.6 m ; corresponding gravity anomaly -32 Wgals).
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175. Of course, if we need a 20 % change in resistivity, depth condi-

tions become much more severe. Some tests have been made (Cabillard et al,

1977), using a combination of down-hole and surface electrodes, depth of

penetration approaches the depth of the hole, but the radius investigated

around the hole is not very large. Inductive (EM or AMT) methods have also

been tried, but also have the same type of depth limitation (Gabillard and

Dubus, 1917).

176. Detection of cavities by seismic methods. A test of seismic

reflection over known, semi-horizontal, underground limestone quarries has

been made (Frappa et al, 1977) ; the method is operative in certain cases.

has occasionally used different seismic methods for locating large, open,

semi-vertical cracks. Such cracks would give a sharp gravity anomaly, but

unfortunately, very narrow and hardly exceeding the width of the crack or the

fractured zone itself. Seismic refraction, with profiles perpendicular to the

* cracks, can be used. In order to ensure a regular 3-D coverage, a specific

technique, the SISMOBLOC-CPGF, has been developed. The SISMOBLOC-CPGF

(P. Lechat et al, 1971) includes

- a regular grid of geophunes

- two fixed shotpoints, as shown in the following sketch.

Figure 60. Schematic "SISMOBLOC CPGF"

177. The two fixed shotpoints can be located at the bottom of drill

holes. Other small shotpoints can be distributed at different points of the

* grid. Processing of the OS and PS times first separates vertical and horizon-

e. . tal times, yielding:

- a delay map

- a "bedrock" velocity map

Introducing velocity laws computed from the other shotpoints. dalays can be

transformed into depths to one or two refractors.
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178. Case history_-_Corbeil les Tarterets. At Corbeil, near Paris,

for a high-rise building project, a specific 3-D refraction technique, the

"SISMOBLOC-CPGF" was used to locate large vertical cracks in tertiary lime-

stone along the slopes of the Seine valley. These cracks are parallel to the

valley, are about 0.5 to I m wide and are partly filled with clay. The

corresponding gravity anomaly being small and particularly narrow, seismic

refraction was successfully tested. In this case, the layout was selected so

that raypaths had to cross the cracks.

179. Measurements were made with geophones along a 5 x 5 m grid, set

out on the weathered bedrock, after overburden had been removed. The enclosed

maps show:

- delay times (subvertical)

- bedrock velocity (subhorizontal)

The most significant correlation between seismic results and geotechnical pro-

perties (measured by drilling rate and by pressiometer tests in about 20 drill

holes) is seen with the bedrock velocity where the rays have to cross the

cracked zones. It appears, in the case of this tertiary limestone, that rock

quality was sufficient for shallow foundations when the seismic velocity

exceeded 1,600-1,700 m/s. Zones where velocities were less that this limit

(particularly towers T2 and T3) had to be grouted. The east-west fractured

zones show out well on the velocity map. The higher delay times have a certain

relaticnship with the low bedrock velocity (except for tower T4). With an

average overburden velocity close to 1,000 m/s. the delay times are similar to

the depth in meters of the seismic "bedrock" (less factured limestone).

Grout control by other geophysical methods.

• 180. Resistivity methods. During a Ministry of Industry funded project

in 1983, CPGF tested the use of resistivity methods before and after grouting

(CPGF, 1983), making the measurements inside the grouting drill holes equipped

with the usual "tubes a manchettes"(1). Various combinations of electrodes

* -were used. The best (or at least the least bad!) was achieved with the follo-

wing layout :

(1) The French expression is used all over Europe. It defines the rubber

sleeved tubes used for grouting under pressure between packers.
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Figure 63. Resistivity between drill holes

A and B are the current electrodes (B is at a semi "infinite" distance, and

is fixed),

* M and " are the potential electrodes,

A, M, N, are simultaneously moved down three holes with 2-3 meter horizontal

spacing. Significant changes of apparent resistivity were observed, with

an increase with cement grout, and a decrease with silicate grout.

181. Seismic tomogrphy. Very interesting results have been recently

achieved by CUI(T during repeat measurements made for the city of Bordeaux,

along the future large Cauderan-Naujac waste water collector. The following

is an abstract of a paper to be read shortly at a symposium in Bordeaux

(Erling, Bertrand and Kutkan, 1987). lIn annexure 3, we supply a preprint of

a general paper on seismic tomography to be read shortly at Denver (Bertrand,

]erring, Lakshmanan and Sanchez, 1987) which summarizes the methods used at

(:P(:[" for acquisition and processing of curved ray seismic tomography, and

gives a set of examples ranging from Busanga dam (Zaire, 1970) to Turkwel dam

(0enva, 1987) in various applications to foundation assessment.

0$ 182. C'ase history - Cauderan-Naujac tunnel. Along the Cauderan-Naujac

waste water tunnel under construction at Bordeaux, a section crosses a zone

of karstic limestone, where grouting prior to tunnel]ing is partly necessary.

A set of seismic tomographies was made, some of which were repeated after

(roiting. The tomographies were made with a mini-Sheargun (42 mm) which could

use the grout ing holes directly, and with a mini-Sismopressiombtre. Comparison

between the Lwo tomographies of of fiig,'re 64 shows that between 8 and 9 m

(.hich is the grouted section), velocitics are generally increased from

1,900-2,100 m/s to 2,000-2,400 m/s. A limitel! zone near drill hole F38
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(at 8 m) may however have been fractured and not completely grouted. Its velo-

city drops from 1,710 to 1,120 m/s.

183. Another seismic technique was also used at the same site. We

compared the shape of the signals received before and after grouting (see

left of figure 63). The high frequency content is increased as shown by the

centre figures, which show the amplitude spectra. The 0-200 lz energy (S-wave)

does not change, but an appreciably strong energy in the 400-800 liz appears

(P-wave). We also divided the spectrum after grouting by the spectrum before

grouting (see right figure), which shows raLios of about 2 for frequencies

above L00 lHz (instead of I below 40) !Iz). When similar processing was made at

depths of 12 m outside the grouted zone, no frequency changes were observed.

It should be noted that frequency comparison should preferably be made between

3 holes in line (one transmitter, 2 receivers), to eliminate the effect of

changes close to the transmitter hole. This has already been done, particularly

*on the Paris e.xpress metro test site (CPCF, 1983).

Down-hole lo g$in_

184. 1,og.in_ while drilling. After detecting by geophysical methods

anomalies due to caves or other mass deficits, it is necessary to control

evaluation by drilling. Our experience, and that of several main French

clients, is that coring is not a satisfactory method: it is expensive and

mainly, when the anomalies are not due to open cavities , but to fractured

zones, filled cavities or caved-in cavities, core recovery is very poor and

correct interpretation is difficult. Static or dynamic penetrometer tests (or

S.P.T.) can be used in certain cases, but are soon blocked by rock.

185. Twenty years ago, in the Paris district, underground quarry evalu-

ation was often made by fast destructive drilling (with an up-hole hammer)

nnd measuring drilling rate on each section of 25 cm, with a chronometer.

This primit ive technique has been superseded (for the last 10 years) by L-

oin(- l 'hile Drilling (L,.W.D.) or Measurement While Drilling (M.W.D.). These

* petroleum tecliniques have been adapted to the public works and construction

rarket bv t'o ri in French mn.iufacturers: Lutz S'.A. (the lutz recorders) and

Soletanche (the Fmpasol system). Examples of applications by CPGF have been

puiblished by frling, Lnkshmanan, Rot,,Ci, 1." and by Lakshmanan, 1983, while

the mnuacturer's points of view were given by l.utz (1971) and Richez (1981).
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186. The rain parameters meas;ured are:

- drilling rate

- reflected percussion (a Ltutz specialty)

- pressure on the tool (this should be kept as constant as possible by the

driller

- water pressure (when the hole is water-flusioe')

- torque (in rotary drilling).

187. These techniques are now really standard practice in France.

Electricit de France, the French State Power Board, when investigating

nuclear power plant foundations, generally drills 10 destructive holes, for

one cored hole. The French railways's (SNC:V) position is described by Erling

and Roqcies (1983). The official recommendations for building design are

mentioned further on chapter 195. Another opinion on the subject was expressed

in a paper entitled "New Reconnaissance Techniques", written by a working

group of the French National Committee on Large Dams, chaired by the author

of this report (1982).

188. Examples of records are given in the case history section, as well

as in the English summaries of papers written in French (references section).

Interpretation of L.W.D. is based on the following criteria

Table 22 : Logging while drilling interpretation

Percussion drilling Drilling rate Percussion rate

Voids >500 to 1,000 m/h very high

Very fractured zones,

filled quarries, 200 to 500 m/h high

Collapsed underground quarries

Clay filled fractures or karsts 1 00 to 500 m/h low

Fractured zones 50 to 200 m/h medium

Hard rock 10 to 20 m/h high
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Rotary drillinga

')rilling rate Water pressure

Voids Very high low to nil

Very fractured zones,

f illed quarries, high low

Collapsed underground quarries

Clay filled fractures or karsts high high

Fractured zones medium medium

Hlard rock low medium to high

Interpretation is completed by observation of cuttings and, occasionally, by

the use of gamma ray logging.

189. Correlation between gravity interpretation and L.W.D. results

is shown on figure 66, which comes from the Civaux nuclear plant survey.

Ordinates are the relative densities Ac computed by 3-D gravity inversion.

Abscissas are the cumulated thicknesses of zones where drilling rate exceeds

100 m/h. General regression gives a density deficit of 0.036 gm/cc in these

zones. However, regression on the points marked by crosses (except 2 of them)

which corresponds to a particular zone, gives a density contrast of

-0.21 gm/cc.

190. Conventional logging. When drilling through voids, fractured

zones, etc ... , it is often difficult to keep the hole open, for subsequent

logging. Therefore, these techniques have not become popular in France.

+ Resistivity and spontaneous potential: are seldom used, for the above

mentioned reason; also, the holes are not often water filled.

+ Gamma-ray: is more often used as a geological mapper, as the usual I" tools

can be used in the smallest PVC casing. For example, in chapter 32, describ-

ing the important Varang6ville case history, drill hole Fl log is supplied.

The geological limits between delomite (lower activity) and clay (higher

gamma activity, due to the isotope K-40) show out quite well.

+ Gamma-gamma: (I'CF and other searchers such as the L.C.P.C. (Central Public

V.orks Laboratory) had placed great hopes in the method, which evaluates

do~wn-hole densities, for controlling microgravity surveys. However, it is

dangerous to put this tool down an uncased hole in fractured, unstable

formations. Along the new "Paris-Atlantique" TCV fast railroad, CPCF recent-

ly had the L.C.I'.C. carry out a test in PVC cased holes (cavity location in
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chalk). The sonde has 2 receivers and processing can eliminate the effect of

variations of hole diameter, but only to a certain extent (Bru et al, 1983 and

Vashkowski, 1983). During this test, it appeared that densities were only com-

puted validly in the sound rock sections, while in the fractured zones, the

"hole effect" could not be corrected, dle to oversi:e hole diameter. The en-

closed figure 67 shows:

- to the left: natural gamma log (clay deviates to the right)

- in the middle: y-y log, full line = far receiver, stippled line = close

receiver ; the interpreted densities (yh) are the figures between the -y and

the -y,, ray logs (varying between 2.0 and 2.4 gm/cc).

- to the right: neutron-neutron log with 2 receivers ; between the yy and the

NN logs are the interpreted water content values (VV) which vary from 15 to

55 7.

+ Pown-hole seismic logging: Point by point, down-hole seismic measurements

are uscc' in France for public works investigation, mainly for the evalu-

aLion of fracturing in major rock foundations (or stability of large cuts),

but not really for cavity investigation. Continuous sonic logging is gene-

rally excluded, as it needs mud filled holes.
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PART 5: COMPARISON OF FIEENCII CURRENT PRACTICE WITH

CAVITY DETECTION TN TIlE REST OF THE WORLD

Current French prac tice.

191. Gene-ral. In part 1, para. 1 (historical bacl-ground),we men-

tioned that "microgravity" had first been started in France, having been pro-

moted by the author of this report at CPCF and by the late Robert Neumann at

Cc .

192. A certain number of official documents confirm that microgravity

has become common practice in many areas in France, and is officially recom-

mended for locating cavities. Of course, it should be noted that France

includes many limestone, chalk and gypsum areas, with extensive underground

quarrying since the Middle Ages. Therefore. a large number of man-made voids

are t- be added here to karstic cavities, as they may exist in other parts of

the world.

193. When an owner (whether private or public) wants to build a house

or a building, he (or his architect) has to apply for a "construction permit"

to the 'linistry of Equipment and Housing. This Ministry can ask for proof that

the site can offer sound foundation. Particularly, in certain areas subject

to a risk of ,ndervroni qmiarries, the applicant has to comply with the speci-

fications set by the "Quarry Service" of the city or the "d6partement"

(France is geographically divided into 95 "ddpartements"). A certain number

of exposed cities (Paris, Caen) or "d6partements" (Nord, Yvelines, Maine et

Loire, Gironde, etc ...) have such services. The specifications will include

the need for a geotechnical survey and could state, for example:

* - coastruction permit refused, project located over dangerous cavity,

- permit authorized, only if suitabl.e soil. improvement or special foundations

be made,

- construction close to a dangerous zone, cavity limits not accurately known,

proof of sound foundation to be made, by at least:

- 2 drill holes for a small house

- 2 to 4 drill holes + microgravity survey for a larger

construct ion.

6 19!. In addition to these formalities, the owner (except when he builds

kW
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for his own use) and the contractors have to contract an insurance policy.

French insurance companies use the services of "Soci~t&s de contr~le"

(certifying agencies) who give them technical assistance, and in particular

for the control of foundations. Once the official demand for a geotechnical

report concerning underground quarries has been made, the owner calls in a

qualified soil mechanics or geophysical company. The geophysical company is

quite often a subcontractor to a soil mechanics company. Quite often however,

the architect, the contractor, the municipal ity and the "Soci6tG de contr~l.e"

can be quite influential in making decisions as to the use of geophysical

investigation, as opposed to drilling alone.

195. Official French recommendations (buildings). As seen above, geo-

physical investigation for buildings, and particularly for the location of

voids, is never compulsory. Two official "recommendations" are however used

as guidelines.

a) " tude gotechniue et reconnaissance des sols", written by a group of

eminent soil mechanics engineers, published by the "Presses de l'Ecole

Nationale des Ponts et Chaussues , February 1983. The chapter concerning

geophysical methods describes the uses and limitations of resistivity,

glaviLy and seismic refraction surveys. Only gravity is recommended for

"locating lateral changes in the structure of the sub-soil, when they are

related to strong and localized changes in density (underground caves,

trenches, tunnels, bomb craters filled with loose material".

b) "Recommandations sur le traitement des cavit~s souterraines et notamment

des carri res" (quarries), Annales, n.T.B.T.P., 370, March 1979. This

report, written by a group of soil mechanics engineers, geologists and

geophysicists, describes the types of cavities found in France, the recom-

[| mendable survey methods, and the methods of soil improvement.

Microgravity is reported as the most suitable method with, in

, certain cases, seismic reflection or refraction. When depth of cavities is

3.- less than 4 m, resistivity methods can be used. When the area to be sur-

veyed is large, resistivity or seismic methods can be advised on the basis

of reduced cost. I.hen the area is'inside city limits, gravity is generally

the only valid method. The following grids are advised:

- general survey, large caves : 20 x 20 m

- localized survey, large caves : 7 x 7 or 15 x 15 m

- localized s rvey, small caves : 2 >: 2 to 5 x 5 m
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Some geophysicnI methods, using drill holes. are also mentioned (cross-hole

seismics. hole-to-surface resistivity or seismic measurements).

1 P6. lce of_jeohysics in France (buildings). Taking into account

the above mentioned official. "reco" endations", we have noted that actual

Ipract ice varies from one re gion to another. In the main carbonate and gypsum

zones of the Paris basin and in the north of France, microgravity is quite

regularly used, compared to all other geophysical methods which appear very

rarely in the field of cavity detection. In the southern part of France, it is

not yet so general. However, for small buildings or houses, owners often limit

themselves to one or two drill holes (often destructive holes, drilled with

dn up-hole hammer drill, and more and more, with logging while drilling).

197. Case of public works. No rules or recommendations govern the need

for geotechnical or geophysical investigation, except for road construction,

* where the Minist re de 1'Equipement has published the following recommend-

ations: "Recommandations pour la reconnaissance g0ologique et gotechnique

des traces d'autoroute", Minist6re de l'Equipement, Laboratoire Central des

Ponts et Chauss~es, February 1967. The geophysical methods mentioned for

.road surveys are

- resistivity

- seismic refraction

- microgravity, which is recommended for

the detection of underground caves

198. Station spacing of 5 m is recommended. A rule-of-thumb limitation

of the microgravity method: h < 2d, where h is the thickness of formations

above the cave, and d the diameter of the cave, is mentioned in these recom-

* mendations.

199. The French railways (SNCF), who presently have an ambitious

program of new, very fast railroads (TCV) construction, have unofficially

expressed their policy in the field of void detection in the paper by Erling

and Roques ( 102' ) . The part of this paper concerning geophysical investigat ion

can be summarized as follows:

- resistivity cannot be used on existing railroads, due to stray currents,

- seismic methods are only applicable in certain cases ; seismic tomography

* can study detailed zones,

- well logging is only used In certain cases.

160

*,w.OM



The main methods recommended by the atithors are
- microgravit, with grids ranging from 3 to 10 in, and special processing to

compute density maps,
- destructive drillin g " l'ng, . . .while drilling the dIl

holes are often equipped with "tubes ai machettes" for subsequent grouting.

2(10. Another major promotor of ptblic works, lectricit6 d France

(FEF, the French state power board), has often ordered microgravity surveys,

mainly for several nuclear power plants, such as Civaux (see references

section of this report). In addition, this organization sponsorized the

microgravity survey of the pyramid of Cheops (.Iontlu~on and Lakshmanan, 1987).

201. Conclusions on void detection in France. As outlined above, geo-

physics and particularly microgravity, has become regular practice in many

sections of French building construction and public works. However, despite

general "recommendations", no geophysical investigation can be made compul-

*sory. From one region to another, and from one client to another, the relative

quantities of microgravity surveys, as opposed to drilling, can vary very

considerably. On the whole, the number of microgravity stations measured

annuallv in France is in the order of 10,000. At least four organizations

(three geophysical contractors, one public) offer professional microgravity

4services.

Available information on the rest of the world

202. Rest of the world, excluding the United States. This chapter is

not an exhaustive enquiry on the state of the art of microgravity in the rest

of the world, but summarizes the impressions and experience of CPGF's engi-

neers.

Lu,. !o our knowledge, South Africa is apparently the only country

* where microgravity is standard practice. It is used (and asked for by local

authorities) for systematic mapping of dolomite karts around Johannesburg,

prior to housing development projects. At least twu professional companies

offer microgravity services in R.S.A.

204. In Belgium, quite a lot of cavity problems have been studied by

microgravity (by French companies or by the University of Linge):

'- - small tertiary sandstone quarries (along Brussels-Paris motorway for example)

- carboniferous limestone karsts

- karsts in chalk (example F.N. arms plant at 1.i~ge)

- mine shafts (near Tournai)
1 0 t g
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- underground chalk quarries (near Morn). Ie are not aware of any of ficial

position on microgravity in that country. It is rather when the constructor is

:n front of sr ions froundat ion problems that he thinks about geophysics in

order to save part of the necessary dril ling costs.

205. In West Germany, despite the existence of many sink-holes (see:

Symposium of the international Society of Kock Mechanics, Hannover, 1971, on

t'e theme of dissolution cavities), often relatCd to salt, microgravity does

not seem very popular.

206. Tn the United K indom, the geological conditions are very similar

to France in the southern half of the country, but microgravity is not known

to be popular.

207. ]I'CF has promoted microgravity and made surveys in the Niddle

.East and the Far East, where a variety of cavities exist:

S - caverns in gypsum and limestone (Saudi Arabia)

- low density zones in volcanics (Abu Dhabi)

- karstic pinnacles and caverns under sand and silt cover (Malaysia)

- old filled sand quarries (Singapore)

The loc,?I a,!thorities were not aware of microgravity and used only drilling

or, in Saudi Arabia, cross-hole seismics.

208. In some other countries, CITF has carried out microgravity surveys

but on the advice (or on behalf) of French clients. We were not in a position

to evaluate the in-country regulations, if any, concerning cavity detection.

Among these countries, we can mention:

Portugal: clay filled karst (for a cement plant)

Spain: open karsts (for a cement plant)

* Argentina: gypsum karsts (for a dam under construction)

,:ew Caledonia: coral limestone karsts (for an airport)

209. Status of cavity detection in the U.S. (as seen from France).

The comprehensive Corps of Engineers report (Engineering M1anual, 1979)

0 considers the main surface geophysical methods for engineering surveys to be

resist ivity methods and seismic methods. Mlicrogravity is mentioned as a pos-

sible method for cavitv detection, but with "relatively low sensitivity".

Since this report, progress has been made in many fields.

21 ). It appears, seen from France, that a lot of work is done in the

I.. S. by ground penetrating radar (hallard, 1983, Benson and Yuhr, 1987, Fisk
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et a] , 1937) , hut radar is excluded from the present report. In addition,

it seems to have a very limited depth of invesL igat ion under temperate cli-

mates, where superficial soil is very condiuctiv,.

211. Ouite a lot of work seem,; to have been done in the field of seis-

mic reflection (Steeples and Miller, 1987) and in cross-hole seismics (Fisk

et al, 19I7). ft is surprising to note that, while the only gravity meters

in the microgal. range are of U.S. construction (Lacoste and Romberg, model 1),

microqravitv surveys seem to be far from standard practice. In the U.S., the

use of microgravity for the survey of a nuclear power plant site has been

rcported by Arzi (1975), while Butler is a tireless pioneer (1980, 1984).

Vertical gravity gradient measurements have been reported by Butler (1984)

and by Smith and Smith (1987) . The recent seminar on karst hydrogeology, held

at Orlando, Florida, in February 1987, has shown that sink-holes - some of

incredible extent - are very frequent in many states of the southern third

* of the United States.
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- Roselend tunnel

-St Dalmas de Tende tunnel gypsuml

- Echaillon canal)

- orason anallow density lenses in quaternary alluvium

- (:urbans canal

1I6. The French railways (SICF), after a catastrophic failure at

V ierzv in the sixtijes, has had CITY surTvey several tunnels, to detect low

density zones:

- MIeudon tunnel (near Paris)

- laisy gas tunnel along the main Paris-lyons railroad

- Beauca ire tunnel (near 'Ninies, south of France)

Blaisy Bas survey is descrihed in the case history section.

0
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PART 6: EVALUATION OF THE APPLICATION OF MICROGRAVITY TO THE

,ONITORING OF THE FOUNDATIONS OF EXISTING STRUCTURES

212. A certain proportion of geophysical surveys carried out by CPGF

concern the foundations of existing structuti-s. The problem arises particu-

larly in three cases:

- fissures and cracks in existing buildings due to differential settling of

the foundation, particularly in the case of cavities and of evolutive sink-

holes,

- movements and disorders in existing tunnels or embankments,

- modification of the superstructure, for example, the reconstruction or the

heightening of an earth or rock fill dam.

V 213. There is no major difference in the design of a gravity survey of

the foundation of existing structure and that of a future structure, except

that one has to take into account:

- limitations of access

- severe corrections due to buildings, cellars, etc ...

214. (I'(;F has clone several surveys in the northern part of Paris city,

and in the northern suburbs, which can be considered as typical examples of

this type of problem (see case history section, Porte Pouchet). Gypsum

lenses are found at depths of 35 to 50 m, interbedded with Lutetian (tertiary

marls). Pumping for industrial purposes of the sulfate saturated aquifer

located in this stratum has activated the dissolution of gypsum and maybe

500,000 tons of gypsum have been dissolved for the past 50 years. A house

disappeared in a sink-hole at Sevran in 1963 (Kutkan and Lakshmanan, 1969).

Since then, other minor or major sink-holes (up to 10,000 cu.m just under

the tracks of Care du Nord railway station) have occurred, despite the reduc-

tion of pumping.

215. The problem of stability of tunnels can also be considered to be

related to tlie same theme. Several hydroelectric tunnels cross dipping trias-

sic gypsum ]ayers in the Alps. In-itally, small leakage creates fissures in

the concrete l ining, and the leakage then accelerates. Such surveys have been

made, on behalf of Ellectricit6 de France (French state power board). I'e can

mention

o0 1064
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PART 7: CASE' IT_1STORY :EC'ION

The follow inp g2 cas h is toLri C' have been selected among the

sc\eeral hundred surveys made by CPC!'. (1P. refers to paragraphs - C to case

HI istory' numbers)

CASE

!'UT ,CAT P3 : CONSTR UCT I ON H I S TO 'i
0

Undergound .Varangville (lorraine) Exist ing SICP Paris- P1. 153
quarries Strasbourg railroad to P)7

Joinville-le-Pont Existing aqueduct C.3

(near Paris) (underground survey)

. Lille 6 storey residential C. 15

building project

M:,line works .St Etienne Dowell-Schlumberger <. 1

* factory, location of
cavities for disposal
of excess grout

Charleroi (Belgium) Office building 2. 3,
project over old
coal mines

In made cavities Sailly-lez-Cambrai lousing development C. 12

project (location of
World Uar I tunnel)

* Cheops pyramid - Location of unknown P. 140

(Egypt) chambers to l 5

- Analysis of
pyramids structure

,arstic cavities . Corbeil-les-Tarterets High rise building 7. 127

(limestone) (near Paris) (SISHOfLLOC-CPGF) for to 179
location of vertical

-V cracks

. Liendo (near Laredo, Cement plant project C. 13

Spain

Neuchatel-en-Bray Access to channel C. 7

S(.Normandy) tunnel. roadway project

. Arrou (Touraine) SNCF fast railroad P. 190

bridge project (TGV! . .Atlantique)

Fosse Soucy Existing highway C. I

(Normandy)

St (;erma in-en-[ayo F inance Ministry bu i di ngC 17

(Paris) 106
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_____________-- -CASE 1
TAR P 1 LOCAT'ION CONSTRUCTION I~ IIS T 0KY

',arst ic cavit ies Pli e ves HiLgh rise building c. 6
(Iirnestone) (Monte Carlo) 1)roj ec t

* (aide ran-Nauj ac Vatte water tunnel P. 18 1
(Bo rdecaux) p roj ec t to 183

artccavities .Nner(eaPri) C.E.B. existing water C
(,gypsum and salt) r eservo irs

B Paisv Blas SIICI railroad existing C. 5
(near Dij on) tunnel (underground

survey)

*Varang~ville (already mentioned P. 153
(Lorraine) survey above) to 167

*Porte Pouchet area Constructed area + C. 9
(Paris) roads in a large part

of N.W. Paris

.OW density zones .Civaux (S.1W. France) Nuclear power plant C. 11
(low density dolomite

sand lenses)

.Jebel fihanna Existing petroleum C. 14

(Abu Dhahi) tanks (scoria zones in
volcanic bedrock)

flax Projected. hospital C. 16

Ilefore and after Varang~viile Already mentioned P. 153

routing surveys (Lorraine) above to 167

*Cauderan-Naujac Already mentioned P1. 181

(Bordecaux) above to 183

*Nanterre (near Paris) Already described C. 8
above

Embankmnent and . Aries viaduct SNCF Lyon-Marseille C;. 2

st ructure control railroad

Beautiran-Langon SNCF railroad C . 4

%(S.W. France) embankment

Cheops pyramid (already mentioned 11. 140

*above). Structural to 147)

analysis and density

evaluat ion

For each case history, we describe:

1067
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- the project (or the exist Iug striicture)

- the geological setting

- the purpose of the survey

- its contents

- results of the survey

- conclusions (results of drilling, effect on the project, etc ...

and we attach a set of selected drawings.

!he selection of case histories include:

Table 23 : Analysis of case histories

Existing Projects

-Foundations of buildings or houses 1 6

- industrial plants 2 2

* - " roads I I

if railroads I I

- Tunnels 2 1

- Structures: railroad embankments 2 -

: Cheops pyramid I -

- Vnderground storage - I

10 11

Among these 22 cases, 20 were studied by microgravity (including

one with y-y density logging) and two by seismic methods.

Note: The selected drawings are copies of originals, the written part of the

drawings is therefore in French. However, we have added at the end of

0 each text, an English title and description of each figure. On certain

figures, relevant English captions have been added, so that the fiLures

should now be self-explanatory.

S
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Case history I :Fosse-Soucy h ighway

CI lent "Direction D6.partL:ntale de i'Equipement" (Department

of Public Vorks, Highways Division"

uir\'ey referiLnces: March 1982, CPCP n' 2347

Site Highroad crossing at la Fosse-Soucy in Normandy, France

0I)ijOc t Sink-hole mapping after abnormal settlement on thc road

Definition MIicrogravity survey~ complemented with destructive drilling

using L.\l.D. (logging while drilling)

Geological settIJ;

Outcropping mid-jurassic limestone locally subject to intensive fracturing.

Surface run-off disappears at some fault traces. Road collapse took place at

a similar location.

V.7h mirogaviy

* Nap Ohe Underground density anomalies (voids, intensive fracturing, faulted

* zones) and variations of depth to the top of sound limestone.

Survey (Isw

(?micrograv ity stat ions, with 3 to 6 mi centers, in a 20 x 30 m cross-road

A ~ dr ill holes with MU,15 m deep.

T eS(I
1 

tS

a) >hicrogravity survey

!3ougtier anomalies of 50 to 75 nicrogals in two perpendicular directions.

* Cau ;es seem to lbe very shallcw.

h) Record ing drill Iing parameters

Boreholes were drilled at critical locations. Drilling rate and reflected

percussion informat ion data obtained by microgravity were correlated to

show that disturbances encountered are ini relation with fracture systems

1 0
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which gave rise to local intensive alterations, weakening the subsoil.

Conc lus ions

This survey is an example of the fact that microgravity can be used to map

generally the underground, although the primary objective is often the

detection of cavities.

In the present case, subsurface cavitien; are not the cause of the road

collapse, but heavy weathering associated to a fault system; subsequent geo-

logical disturbances were mapped by the use of microgravity. The enclosed

figure shows how accurately these anomalies can be mapped.

Enclosed documents: Figure 68 : residual gravity map (CPGF ref. 2347-04).

Values in 10- 2 milligals.

-'1



S

;. .(

* I. -
I I I~ -

I .1.

IT 'hi -

U .''-- I ' U-C) I
I I~flI 1-4 I

I' I * C\J

I*,.z~! I.
- ,4I~

~~~1 Y * ~

II
{r ~

I I~r S

'I t*''

\ c---~ '* -

'V II ~,1C,

U 'V - /

- IV~ - I

~,O ~ -~

-

'I. / 'I - -

,* ~, J -I

~
/ / ~

~

L

I ~

-

/ 1/"

jiI~

'7 /6
/

I" ;~*'',~I6~j7~ I 'f'~// kI
'1, ~

/~~/'~'/ I /

V 7', -~ ,2~j~~[
'.*- ~IK'}~ V

"'.4<-.'
~

Figure 6~ Fosse-Soucy case history, residual anomaly map

0 ~* 171

~ .. ~ - .



Case history 2 : Aries railwayL viaduct.

Client S.N.C.P. (French Raiwnyn Authority)

Survey references: January 1983, CICIF n 24 (.2

Site : Arles viaduct, near .arseille, south of France

* Object Pailway viaduct/embankment tnder operation. Possible

cavities within the em.-banl-ment cause small collapse

features on the platform

Definition : Microgravity profiles along and across the embankment

to weigh it. EmbL'nkment embodies old partially destroyed

viaduct (World I War IT)

: Geological setlin

* Artificial geology : piles of the old viaduct contain voids ; heterogeneous

material used in the embankment 9 m high.

_hy mic rog ra'ity?

Typical example of a high resolution survey including three components:

regular profiles, sophisticated terrain corrections, variable density

processing.

Survey d i-1

A total of 191 gravity stations, spread along longitudinal and transverse

profiles, with 6, 3 and 1,5 m spacing, were carried out. 112 EM measurements

were also taken as a test and correlated with gravity.

PO!;1Ills

Gravity anomalies were quite difficult to isolate, for the piles of ancient

viaduct yielded positive anomalies, while the arches gave negative anomalies.

To complicate everything, maintenance chambers located in the upper part of

the piles produced negaLive anomalies within the positive ones.
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Heterogeneities within the bulk of the embankment, near its upper surface,

created negative anomalies of 20 to 30 mict-ogals. Local settlings possibly

due Lo vibrations and materials evacuation are believed to be the cause of

those anomalies.

The body of the embankment was found to include two types of densities after

variable density processing of the gravity data. This is a mean to weigh a

structure ; it also provides surface density maps. The core of the embankment

constructed just after the war, has a density around 2.0 gm.cc, while the

two flanks, more recently added to avoid toe-slipping, have a density of

2.2 gm/cc (see figure 2462-13).

Conclusions

Heavy superficial density along the embankment slopes is probably due to

construction in 2 phases. Survey showed no major disturbances in the bulk of

embankment. Subsequent drilling only detected minor disturbances right below

the platform, as foreseen by microgravity survey.

A Fnclosed documents

Fig. 69 : example of longitudinal profile above an old pile (theoretical and

experimental values) - CPGF ref. 2462-12

*Fig. 70 density map and cross-section (CPGF ref. 2462-13)

Fig. 71 complete longitudinal section with:

- on top, deformation curves from 9/1981 to 10/1982

- at bottom: Bouguer anomaly in 10- 2 milligals
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ANOMALIE MESUREE

ANOMALIE THEORIQUE

+3-

+1

-1 \ a ,

A , conraste de dlensit6 ci Iintdrieur de a ple

ARLES MARSEILLE

* :6a2= contraste entre to pile et le rembli

CPGF 2462-12

Figure 69. Aries railroad, example of longitudinal
profile over an old pile
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Moyennes des densifes CPGF 2462-13
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Case historv_ 3 : Joinvilie-le-Pont a-iucl uc t.

Client : Paris city

Survey' references: March 1984, CPCF n" '2(1

WO Site Joinvil ] e-]e-Pont, nar Paris, France

-)Ii i Oct Old underground aqueduct built over an ancient quarry.

To be re-used as a future water main.

Definit ion M icrogravitv in a tuinnel to map an underground quarry

.c loq1cal sett in.

Ouarries in tertiary limestone, overlain by maria with limestone beds.

% t x' microgravitv?

Density anomalies to be discovered from the interior of a tunnel 4 m below

the grotjnd and with a diameter of 2 m. Specific terrain corrections and

precise modelling required to perform this survey over 180 m of tunnel.

-Survey design

10( gravity stations spread along two parallel profiles, 1.20 m apart, with

m and 2.5 m spacings.

,--', Results

* A ver' well. mar)k-ed negative Bouguer anomaly of 30 to 45 microgals is observed

on both profiles, possibly related to quarry voids. Also, rather sharp and

narrow positive anomalies show up and are associated with the pillars of the

unlving quarry.

j nc ]tiaons

ei'b sequent core d r iI I ing proved the presence of p ii1 ars at a:;itive gravity

l • ,'bat-I T's, whereas; negativ e anorns are bel ieved to be produced by
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very weak many formations, rather than by voids.

Enclosed documents Figure 72 Gravity profiles (CPGF ref. 2610-01 -

anomalies in 10~ mill igals)

0

S.

0

'p.
'p.
"a,

N
0

a.

I m
4'

'p

a.

0

- I' -"~'



LUL

a N.

LAI

KE
QC
I0

/ 44,

4%.

Figre72 Jinile-e-on aueuc: rait pofle

i17



Case history 4 :Beautiran-Lanon railwayembankment

Client S.N.C.F. (French Railwavs Authority)

Survey references: December 19P4, C"CF n' 27"4

Site feautiran-langon railroad near Bordeaux, France

Obj ec t Railroad tinder operation ; sink-holes appear along the

tracks over 20 km.

Definition Microgravity associated to F!. and resistivity for a test

survey along a railroad embankment, before and after

grouting.

G C 0 1 p__eoo ij al sett inj

Karstified tertiary limestone overlain by sandy-clayey gravels.

Uhv icrog raviti?

Karst mapping may have to be performed at a big scale, so complementary

methods are tested for the sake of cross-control and cost efficiency.

Survcy design

Five critical sites were selected for multi-disciplinary investigations. A

total of 36 gravity stations, 6 vertical electrical soundings (V.E.S.) and

390 m of EM profiles were carried out, One of the five sites was previously

investigated by microgravity. Cavities were detected by drilling and grouted.

0

Results

The idea was to associate ground conductivity variations to gravity anomalies.

Apparent shallow El resistivities were obtained using an EM-31 equipment from

Geonics. Resistivity soundings helped to calibrate EM resistivities. Very

good correlations were obvious in areas where conductive superficial material

fell in dissolution cavities within the mass of the limestone and in areas of

*sound bedrock.
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Conc lus ions

Fast conductivity/resistivity traversing with inductive coupling systems like

F--31 provide fn some cases a quick coverage of large areas in terms of

general purpose subsurface mapping. "icrogravity pinpointed the mapping,

namely by yielding the vertical extent of local anomalies.

Resurveying of the already grouted area proved the expected efficiency of

mictogravity for grouting monitoring. As a matter of fact, negative anomalies

of -58 microgals were strongly attenuated (-24 microgals) after grouting the

limestone (see lower part of figure 2734-09).

Enclosed documents

Figure 73 Electromagnetic and microgravity profiles (anomalies in IO - 2

milligals), some before and after grouting - CPGF ref. 2734-09.
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Case history5 : Blaisv-Bas rai way Lunne I.

Client S.N.C. P. (French Railways Authority)

Survey references: May 1987, CPGF n' 3117

Site : Blaisy-Bas tunnel, Dijon area, Burgundy, France

Object : Railway tunnel through a hill, 4 km long ; dissolution

cavities in gypsum caused minor collapse at platform level.

Definition : Microgravitv and vertical gradient profiles along the two

tracks of a railway tunnel.

Ceolog ical set t in6

Tunnel dug through lower jurassic and triasic dolomites, marls and gypsum.

Lithological heterogeneities are associated to tectonics. Karstic cavities

* can be observed.

1Vhv- nicrogravity?

Method covers quickly and economically an investigation of two lines, 1.5 km

long, to map underground disturbances and spot the most critical areas to be

checked by drilling.

This is a major railroad (Paris-Marseille) and traffic ought not to be stopped

by heavy tools operating in the tunncl. Special operational procedures were

set by railway authorities to allow readings along the central axis of the

tracks.

v.

300 gravity stations along 2 x 500 m of tracks, with 10 m cei.Lrcs, plus 40

stations at 5 m centres at anomalous zones. Besides, 20 gradient measurements

1.6 m above the platform level were taken on the flanks and at the maximum of

residual gravity anomalies.
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Resu It s

A Digital Terrain Model was made out by digitizing topo maps. The terrain

corrections for the hill (summit 195 ni above tunnel level) were computed

using special Tercor software. The tunnel itself was modelled using similar

right prism technique, sliced to fit the real modei and corrections computed.

Terrain corrections in the order of 12 milligals were computed. Then residual

anomalies of 30 to 75 microgals were contoured. Some of these are in relation

with shallow dissolution in gypsum (see section of residual anomaly map

3117-09). Thanks to gradient measurements, some others were found behind the

sidewalls or above the vault (see figure 3117-11).

Conc luscns

Fxtensive modelling and precise terrain corrections had to be performed to

compute tiny local gravity anomalies (terrain corrections 400 times bigger

than smallest anomaly). Good correlation with lithology and tectonics.

Enclosed documents

Fig. 74 : Geological cross-section along the tunnel (CPGF ref. 3117-01)

Fig. 75 Three-dimensional view of the DTM of the tunnel entrance, in view

of terrain corrections (C1PGF ref. 3117-03)

Fig. 76 Typical tunnel cross-section and its digitalization in view of

(bottom) modelling (CPGF ref. 3117-05b)

Fig. 76 • Part of the residual anomaly map (CPGF ref. 3117-09)
(top)

*' ig. 77 : Vertical gradient measurement (when g < 0 and-qzz > 0: jiht causes,
ci g dz

under the tunnel, when g < 0 and d < 0: heave causes, above thedz-'

tunnel (CPGF ref. 3117-11).d
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Case histor% 6 : Pala is des Oliviers hih r[se building, Monte Carlo.

Client Private developer

Survey references: December 1982, CPI n' 2443

Site Palais des Oliviers, Monte Carlo

%()ject : Karstic cavity detection

Definition : Microgravity survey complemented with destructive drilling

N using ,.U.D. for a high rise building.

GIolocical setting

Cretaceous limestone, fractured over the first 10 m.

S1-:h, microoravi t?

.Vorks have started on this high rise building project. During excavation for

foundations, small cavities were encountered. Ue have been asked to look for

more possible undetected cavities below excavated level.

Survey desin

- 3 x 3 m rectangular grid, a total of 98 gravity stations

- 9 boreholes, 9 m to 17 m deep, with L.W.D. (parameters recorded: drilling

rate and reflected percussion).

* Results

- 'icro ravity : a main negative anomaly of 60 to 90 microgals covers most of

the known cavity locations and shows possible extension.

Very irregular surface topography (natural and man-made) has

• been taken care of, using very sophisticated CPGF Tercor

terrain correction programme. Part of the area covered by

A- ' measurements was declared sound.

- Drilling : most of the boreholes were drilled within the major gravity

J. Wanomaly area. No cavities, but differential fracturing and

189



and small voids were met.

As usual in hard rock environment, drilling parameters showed sharp signatures

related to fissured, fractured and sound limestone and small voids.

Conclusions

This is a trap-type survey where gravi'ty anonalies could have been artificial-

lv distorted, suppressed or enhanced by terrain effects, should tI. have not

been properly corrected. It is also another example of subsurface geological

mapping by microgravity, showing the power of such high resolution surveys to

go beyond the simple detection of cavities.

Enclosed documents

Fig. 78 microgravity residual. map, values in 10 2 milligals (cPGl 2448-02)

Fig. 79 drill record of drill hole 2 (center of gravity anomaly) with

fractured zone from 9.5 to 11 in (ClPGI' ref. 2448-03b)

Fig. FO drill record of drill hole 0 on the edge of an anomaly - sound rock

$ (CPGF ref. 2448-03f)

Fig. Sl drill record of drill hole 6B close to 6, but near axis of gravity

anomaly, fractured zones Letween 8 and 13 m (CPCF ref. 2 448-03g)

Note drill records show reflected percussion to the left,

Sdrilling rate to the right.
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Case history 7 "Chunnel" highway, Normandy (access to channel tunnel).

Client : Public Works Department, D6partement of Seine-Maritime -

Roads and Highways Rouen Technical Center (CETE)

Survey references: June 1987, CPCF no 3120

Site "Chunnel" highway, Normandy section (8 km)

Object : Possible underground quarries along the main axis of the

highway. Several occurrences of sink-holes, collapse

features and shafts visible along the project.

Definition : microgravity profiling

Geological settinig

Upper cretaceous chalk overlain by clay.

Vhy microgravity?

Fastest and more reliable method to investigate long sections of a linear

project in terms of density anomaly mapping.

Survey design

Longitudinal and transverse profiles, 5 m and 10 m centres.

Results

Several well-marked 10 to 40 microgals negative anomalies were detected.

These are usual signatures of quite well known exploitation patterns. Model-

ling was done for a best fit between gravity expressions and possible quarry

des ign.

Other portions of surveyed profiles were declared not subject to underground

density anomalies.

195
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Conclusions

Typical example of a regular preliminary geophysical survey before geotechni-

cal investigations along a road centerline. Uere is a most effective approach

to detect underground quarries, micrograviLy being in this setting the only

possible geophysical tool to use.

Enclosed documents

Fig. 82 : zone 1, example of gravity modelling (CPCF ref. 3120-04a)

Fig. 83 : zone 2, example of gravity modelling (CPCF ref. 3120-04b)
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C.PG.F 3120-04a

ANOMALIE TYPE INTERPR TrE

ZONE 1
0

cenlibrme de JANOMALIE C

0
PROFIL MESURE
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0 -4-
12m -iaj: I

-1A ,1°2 = 0.3 e2 =4.2m croie alteree el-y 
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Figure 82. "Chunnel" highway, zone 1, example of gravity modelling
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Figure 83. "ChunnelY highway, zone 2, example of gravity modelling
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Case history 8 : Nanterre water reservoirs.

Client Soci~t Lyonnaise des Faux (Water supply Company)

Survey references: June 1987, C'PCF ui 3131

Site Nanterre, western Paris suburb, France

Object :Uater reservoirs and filters stuffer foundaLion unstability

caused by underground cavities due to gypsum dissolution.

Definition Microgravity gridding to map the weak underground and

repeat survey for grouting monitoring.

Geol ogLcal setting

Reservoirs are sitting on tertiary gypsiferous marls underlain by limestone.

V- y microrav ity?

• This water supply facility installation comprises many civil works, ponds,

reservoirs, filters, buildings, etc ... Three-dimensional underground mapping

-and checking of grouting efficiency could only have been accomplished by

high resolution microgravity.

Survey design

349 gravity stations were put on grids and profiles with 4 m to 8 m spacing.

Results

A very particular artificial mass distribution above and below the survey

surface had to be taken care of to suppress the undesired effects. Empty or

full, or half-full reservoirs and filters, a whole network of water mains and

several buildings had to be modelled. The remaining measured anomalies were

found to be the expressions of dissolution cavities ready to produce surface

collapse.

Grouting took place below a few filters, where a previous microgravity survey

-had detected cavities. Some stations were re-run this time to show that in

199
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all cases, residual anomalies completely disappeared after grouting.

Conc lusions

20 to 30 microgals residual anomalies isolated in a difficult operational

environment delineated very precisely the contours of underground dissolution

features.

A remedial action was proposed and subsequent grouting was planned according

to the microgravity map indications.

Enclosed documents

Fig. 84 location map and geological cross-section (CPGF ref. 3131-01)

Fig. 85 reservoir I zone, residual anomaly before and after grouting

(CPCF ref. 3131-05)

Fig. 86 filter n' 4 zone, residual anomaly before and after 2 phases of

grouting (CPCF ref. 3131-07).

I.
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Figure 85. Nanterre water reservoirs: reservoir 1 zone,

residual anomaly before and after grouting
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Case history 9 Porte Pouchet constructed area, Paris.

Client City of Paris/Underground Quarries Authority, France

Survey references: September 1986, CPCF n' 2_973

Site : Porte Pouchet site, northern border of Paris, France

*! Object : Large dissolution cavities in gypsum, 10 to 40 m deep,

create sink-holes at the surface and jeopardize buildings,

infrastructure.

Definition : microgravity gridding and profiling of an urban area of

800 x 400 m.

;Geological setting

Damages to buildings, road pavements, mains and the like have bc .n identified

* in this part of to-n. Cavities occur by dissolution of gypsum contained in

tertiary marl formation at a depth of about 30 to 40 m. Cavities "progress"

upwards when overlying sandy and fractured marly formations fall into the

cavities. Weakening shallower materials became cohesionless, sink-holes

- appear.

W'hy microgravity?

Vhen applied with maximum efficiency, this is the only method which may have

yielded satisfactory results in such a complicated urban site to detect under-

ground cavities.

* Surv,'v dp-cio'n

Atotal of 929 gravity stations were spread along boulevards, streets and

cross-roads with 20 m spacing. Several hundred other stations from previous

* surveys in the area were integrated into the present network to better assess

the regional extent of the cavitation phenomenon. Part of the survey was

carried out at night to avoid heavy traffic.
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Results

Prior to field gravity operations, an extens;ive investigation has been run in

the area to classify all construction features above and below the street

level: buildi-,- ,s pavements, civil works, caves, underground openings, mains,

etc ... All these data were digitized and specific terrain correction soft-

ware was applied to correct raw Bougucr values from known artificial effects.

A terrain correction map was produced at the main office to be used by field

crews for daily processing needs.

Negative residual gravity anomalies of 20 to 70 microgals were isolated.

Modelling was performed to identify main causative bodies as dissolution

cavities at a depth of 10 to 40 m, with weakened overlying formations.

Conclusions

Isolating a local density anomaly has seldom been so dependent of environ-

mental constraints. CPGF's special skills in data collection and terrain

correction procedures made such surveys possible. Subsequent drilling con-

firmed density anomalies identified by microgravity.

During a previous nearby survey, a weak zone shown by gravity was consequent-

ly grouted. We re-run this portion of the adjacent survey and found that the

gravity anomaly had completely disappeared, confirming hence the efficiency

of the grouting.

Fig.

Enclosed documents

Fr

Fig. 87 : portion of rai or map (CPGF ref. 2973-02)

Fig. 88 : portion of raw Bouguer map (CPCF ref. 2973-03)

- Fig. 89 :portion of corrected Bouguer map (CIPCF ref. 2973-04).
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Figure 88, Porte Pouchet area, Paris portion of raw Bouguer map
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Case history 10 DowelI-Schlumberper factory, St Etienne.

Client Dowell-Schlumberger

Survey references: June 1987, CPCF n' 3144

Site : Z.I. Molina la Chazotte at St Etienne (S.E. France)

Object : Elimination of exccss cement grout from laboratory

testing by underground storage

Definition : Microgravity survey for evaluation of residual densities

of caved-in coal mines

Geological setting

Carboniferous strata under 0-20 m quaternary with slightly dipping coal

measures.

Why microgravity?

Old unchecked maps of mine works are available, but mines have caved in, and

the actual volume of voids available for grouting the excess cement is not

known.

Survey design

157 microgravity stations with 10 x 20 m grid, including some additional

stations located after initial processing.

Results

3 main anomalies attain -60 to -100 microgals, corresponding to three known

mined zones. 2-D models confirm depth of 10 m for anomaly 3, 30-40 m for ano-

*malies I and 2. Special processing was made on residual gravity, by modelling

three known zones, 10 meters thick, and computing their densities by regres-

sion (other inversion techniques could not be used due to small survey area).

Density deficits computed were:

Zone I (depth 30 to 40 m): -0.102 gm/cc

Zone 2 (depth 25 to 35 m): -0.093 gm/cc
209
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Zone 3 (depth 5 to 15 m) : -0.269 gm/cc

Second residual map (difference between initial residual and computed gravity),

shows possible extension of mined zones, particularly between zones I and 2

an(' confirms available volume V (for average density contrast 0.1 in areas I

andi 2). V = surface x 10 m x 0.1.

V (cu.m) = S(sq. m).

Conclusions

The position of two drill holes has been selected following gravity survey,

and the project has been deemed feasible (sufficient volume available).

Enclosed documents

Fig. 90 modelled profile

Fig. 91 initial residual map (CPGF ref. 3144-04)

Fig. 92 final residual map (CPGF ref. 3144-05)

Values of residuals are in 10- 2 cmgals.
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Case histcr1l : Civaux nuclear powerjlani.

Client Electricit6 de France (French state power board)

Survey references: - September 1980, CP'GF n ° 1980

- November 1984 to ebruary 190,5, CPOF n' 2747

Site Civaux, Poitou region, Prance

Object : Future nuclear power plant - foundation study

Definition : Microgravity and seismic refraction to map loose dolomite

sand.

Vienne river valley: 5 to 12 m sand and gravel overlay Bajocian and Bathonian

.eathered and fractured limestone. A deep, loose zone has been found locally

between depths of 30 and 50 m, corresponding to dolomite and dolomitic sand,

overlain by fractured limestone, and overlaying compact limestone.

1v.hy microgravity?

- P!elp map base of sand and gravel

- Pelimitate loose dolomitic sand lenses and map density of foundation rock.

Survey destin

First survey (1980): 277 stations (10 x 10 m grid)

Second survey (1984): 1,571 stations (10 x 10 m grid)

In addition, 15 vertical gradient measurements were made, with a tripod 1.60 m

high. The survey was completed by 64 seismic refraction spreads, 120 m long

each. Extensive drilling, mainly with L..D. recording was subsequently made.

Resul ts

Vertical gradient measurements are developed in section 172 of this report.

They show that main anomalies are located at depths around 10 m.
* .Special gravity processing included:
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- 2 1/2-D modelling (CPC's Modcong program) along geological profiles, using

drilling results : intcrpretation shows that residual gravity anomalies are

mainly due to sources located in the dolomitlc sands, between depths of 30

to 50 m, and that density anomalies range from -0.2 to -0.6 gm/cc. Locally,

densities are also reduced in the fractured limestone overlaying the dolo-

mite.

- 3-D density inversion (C(FI'Cs TESTF]I 1. inversion technique): most appropriate

slab is located between 30 and 50 m depths. Several positive anomalies show

up with density contrasts of 0 to +0.2 gm/cc. One large negative zone and

two negative axes correspond to density contrasts of -0.1 to -0.3 gm/cc.

- Variable thickness inversion: first model selected had horizontal top

(10 m depth, below alluvium) and variable base. Map supplied is similar to

the density contrast map, but with greater contrasts. In a second model,

variable top, corresponding to base of sand and gravel found in drill holes,

was selected.

Seismic refraction interpretation shows following velocity sequence:

1. Dry sand and gravel: : 600-800 m/s

2. Weathered limestone (below water table) : 1700-2500 m/s

3. Fractured limestone . 3000-3800 m/s

4. Dolomitic zone . 2500-3300 m/s

5. Compact limestone : 3800-4400 m/s

Deep refractor corresponding to layer 5 occasionally disappears and deep velo-

cities around 3000 m/s are found along gravity low axes, corresponding to

dolomitic sand lenses.

Conclusions

Position of nuclear power plant was adjusted to fit with sound zones found by

geophysical investigation:

- positive densities in the 30-50 m section

- deep refractor with velocities exceeding 3500 n/s.

umerous drill holes with L.W.D. confirmed geophysical results. No clear cavi-

ties were found, all anomalies seem to correspond to loose dolomitic sand.
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Fnc losed documents

Fig. 93 residual gravity map, anomalies in 10- milligals, with negative

valuies of -230 jigals towards 11.14., -130 ligals towards E, -8 to -12

jigals along two axes. TIhese two negative axes delimitate main posi-

tive zone CR2) with values of 0 to +10 lgals (CPGF ref. 2747A-05)

Fig. 94 density inversion (slab between 10 and 50 m depth)

(CITT ref. 2747A-08)

Fig. 95 depth to deep seismic refractor (generally V >3 500 m/s ; along

deep axes, velocity can drop below 3 000 m/s) (CPGF ref. 2747B-02)
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Case history 12 Sailly-les-Cambrai loisinjg rjt.c It -

Client D6partement du Nord, Tnspection des Carriires Souterraines

(Underground Quarrie.; In:;pection Authority)

Survcy references: November 1985, CPCF n :1854

Site : Sailly-lez-Cambrai, near Douai, northern France

Object Housing development project ; underground quarrying with

chambers and gallerie.:; btil.t (luring World liar I, suspect-

ed.

Definition : Gravity survey to map the cavities.

ceo !og19L_ st t Ling

Sub-outcropping cretaceous chalk, partly covered by tertiary silt, clay and

sand .

liy microgravity?

This is a typical setting where only very detailed gravity survey and inter-

tation could map the possible cavities.

Survey d sin

10 x 10 m gridding over the entire zone (4000 sq. m) ; grid tightened to 5 m

in most suspected sector, for a total of 266 stations.

Results

At the southwest corner of the survey, there is a known old opencast quarry

now backfilled. Tt has an obvious lateral effect on gravity readings. This

has been taken care of by modelling (15 m of fill, lack of density of 0.2

gm/cc).

Corrected residual anomaly map shows very clean contours of closed negative

anomalies of about 70 microgals. Quarries are suspected to be situated at a

depth of 10 to 15 m. Modelling was done using known dimensions ; results show
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that residual anomalies cannot be totally explained by possible unknown

quarries. Then 3-D density inversion was successfully tempted using a slab

situated between depths of 7 and 12 in. Very sharp density contrasts are met

along different axes, possibly in relation with galleries. Quarried thick-

ness bigger than the model used for inversion yielded a better result,

because of possible decompressed upper sections. Unexplained residual is

almost nil, so the 0-7 m slab shows no significant density variations.

Conclusions

A sophisticated inversion technique was used to help interpret this gravity

survey where simple modelling was unsatisfactory. Exploration and mapping of

partly filled chambers and tunnels has started. Mapped part has been drawn on

residual map. Very clear correlation are visible.

Enclosed documents

Fig. 96 Residual anomaly map not corrected for opencast quarry influence at

the southwest corner of the survey (CPCF ref. 2854-03)

Fig. 97 same as 2854-03, but corrected for known quarry effect (2854-04)

Fig. 98 typical gravity anomaly and interpretational models (2854-05)

Fig. 99 density deconvolution, 7-12 m slab (CPCF ref. 2854-06).
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Case history !3 Liendo cement plantjroject (Spain).

Client Ciments Lambert

Survey references: January-Nay 1966, CP(CIP n' 3/48

Site San Julian, Liendo (near Laredo), Spain

Object : Future cementation plant. Site surveys

Definition Microgravity to map karstic cavities network.

Geological setting_

Upper cretaceous limestone, highly tectonised and karstified. Seashore site,

cliff about 30 m high.

* 1:hy microgravity?

Complete the geological investigations by mapping the underground voids net-

work in the most economical manner at a site of difficult access and rough

.surrounding topography.

Survey design

803 gravity stations carried out along profiles and on a grid with 10 m

spacing. Check boreholes drilled.

Results

Very large negative residual anomalies (50 to 300 microgals) are mapped. The

drilling proved, as expected from the gravity survey, that superficial disso-

lution features were connected to huge underground cavities sometimes partly

infilled with debris. Geomorphology suggested a certain downward extension of

surface dissolution sink-holes, but microgravity mapped the invisible part

of the karsts.

226

No

0



Conclusions

Survey took place in two steps. First, profiles and calibration boreholes,

very satisfactory results. Then, gridding and more boreholes. Large terrain

corrections had to be handled carefully to filter out lateral effects.

Enclosed documents

Figure 100 : gravity profiles P5-P2 (CPGF ref. 348-02c)

- Note in the corner of the figure, a Nettleton profile to determine surface

densities. Best adjustment for density of 2.35 gm/cc

- Values in 10- 2 milligals.
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Figure 100. Liendo cement plant project (Spain)
Gravity profiles and Nettleton profile
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(:ase history 1.4 Jebel Dhanna existing__[etrol eum tank farm (Abu Dhab i)

Client ADCO, Abu Dhabi (owicr), PAPTIX, Lisbon (consultant)

S.;rvey references: August-September 1923, CPCF n' 2550

Site Jebel Dhanna tank farm, Abu )hnbi, U.A.E.

Object Tank farm under operation. Foundations stability jeopar-

dized by weak underground due to dissolution features.

Definition Complete soil investigation scheme by geophysics and

drilling to anticipate a soil improvement programme.

Geological setting

N, Miocene sandstone and limestone filling a closed basin, basement made up of

* rhyolites. The whole site is an uplift feature related to salt plug phenome-

non well known in the Gulf area. Basin is highly tectonized ; gypsum outcrops

and is weathered.

I.hiv microgravity?

* Major underground anomalies are suspected to be voids due to dissolution of

gypsum and limestone, and a vast area had to be covered by investigations

within the tank farm under operation. Only microgravity could be able to map

density anomalies under present conditions.

Survey de sir.n

Typical layout for geological mapping : 707 gravity stations spread over a

grid with 15 to 25 m centers ; a few vertical electrical soundings for depth

calibration ; aerial photos examined for a better approach of the local geo-

logy.

27 boreholes drilled (by Fugro). Supervised and results interpreted by CPGF

logging while drilling carried out on each bor !holc (rate of drilling and

fluid pressure) ; piezometers installed on eac., borehole and water table moni-

tored ; water samples taken and chemical analyses performed mainly to obtain

the sulphate content. 2"9
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Results

The residual Bouguer map obtained was fully interpreted in terms of under-

ground structural geology helped by drilling, water table monitoring and

surface geology. Peyond the detection of snail voids, we were able to map the

differential weathering and possibly identify lithology. Weak terrain was

very clearly identified for further inves!tigaLions, while sound basement

showed up as gravity "highs" (positive residual anomalies).

3-D gravity inversion was carried out to output underground densities map

at selected slab thicknesses. Hence, the client was provided with the vari-

ations of a usual parameter easy to interpret and showing possible problem

areas between the surface and a depth of about 40 m.

* Conclusions

This survey shows how microgravity can be a very powerful, yet a cost-effect-

ive investigation tool when complemented §;:th drilling and other surveying

techniques. Geophysics were able here to design the expected grouting works

by sutgesting the grouting technique and layout to be used.

Fnclosed documents

Fig. 101 residual anomaly map (CPCF ref. 2550-02)

Fig. 102 density variation map (CPGF ref. 2550-03)

Fig. 103 synthesis map (CPCF ref. 2550-08)
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Case history 15 OPIIM Lil.le buildring proect.

Client Epale (New Town Authority)

Survey references: July 1981, CPCF no 2190B

Site New town of Villeneuve d'Ascq, near Lille, northern trance.

Object Look for possible extensions of a known underground quarry.

Definition Very large underground chalk quarries exist over the

southern belt of the town of Lille. Land developers are

required Lo make sure that no cavities exist in the under-

ground of the construction zone.

L, eo loical settiing

Cretaceous chalk is outcropping in the entire area.
S

I'hy microgravity?

The question here was to investigate the site of a large building in order to

detect the possible extensions of a known quarry, previously surveyed by CPGF.

Xicrogravity is the most reliable method to certify whether quarry voids are

present or not.

S i r vfYdiSn-

'S 85 gravity stations were carried out over a square grid of 10 x 10 m. Nine

.boreholes were sunk for calibration purposes. Drilling rate and reflected

percussion parameters were recorded while drilling.

Quarry voids were detected in several boreholes ; in one of them, a panoramic

view was taken by a stand-still camera.

Results

Residual Bouguer map shows negative anomalies of about 20 to 5'0 microgals as

an extension of known quarries. Drilling confirmed the presence of partly

filled quarry chambers within the contours outlined by microgravity. Logging

23/4
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while drilling helped distinguish between silt, backfill and weathered chalk

on one hand and quarry voids on the other hand, as possible causes of comput-

ed density anomalies. As a matter of fact, similar gravity expressions occur

caused by radically different features.

Conclusions

A very reliable microgravity survey, backed up by borehole data, drilling

parameters and detected caves" panoramic views helped resolve a foundation

problem quickly and in a most economical way. Once the void was located by

drill hole S4, a well was dug and voids mapped by surveying. Very complicated

limits explain irregular drilling results.

Enclosed documents

Fig. 104: Location map and known quarry limits (CPGF ref. 2281-01)

Fig. 105: Residual anomaly map. Borehole locations. Residual values in

10- cmgals (CPGF ref. 2281-03). Drill holes results:

S4: void (quarry)

S5, SIO: filled quarries

S2, S3, S7: weathered and fractured chalk

SI, S6, S8, Sl1: sound chalk

Fig. 106: Panoramic view of a quarry detected by microgravity located by drill

hole S4 and taken by drill hole camera (CPGF ref. 2198B-04).
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Case history 16 :Dax hospitalproject.

Client :Dax hospital (owner), SEDIM (consultant)

Survey references: June 1981, CPCF n* 2172

Site : Dax hospital, extension, south west of France

Object : Basement mapping. Irregular marly limestone steeply

dipping westward

Definition : The positioning of the future buildings in optimum

foundation conditions.

Geological setting

Marly limestone overlain by recent deposits.

* l..'hy microgravity?

Appreciable density contrast was expected between the overburden and the

substratum. Hence, the gravity method was welcome to provide with structural

map with density information following a 3-D inversion.

Survey design

A regular grid of 20 x 20 m centres was carried out with individual antennas

stretching out of the grid area for a better regional control. A total of

165 gravity stations were taken.

Results

A very deep regional gradient is observed on the Bouguer map which shows on

the other hand a very well defined residual anomaly extending almost at right

angle to the dip. Inversion in terms of structure gives the contours of the

deepening of the basement which involves a large portion of projected build-

ings.

2'39
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Conclusions

Microgravity is used once again outside of its usual application of under-

ground void detection. Inversion techniques inspired from oil exploration are

used here to resolve a foundation engineering problem.

Enclosed documents

Fig. 107 residual anomaly map (CPGF ref. 2172-03)

*Fig. 108 computed structural maps (CPGF ref. 2172-04)

Values in 10- 2 gals for maps (a), (b) and (c)

(a) residual anomaly (regridded for processing)

(b) Computed anomaly

(c) difference () - (a)

* (d) depth to bedrock (in meters).
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Case historv t7 "t (ermain-en-Layc Finanlce Ministrj uilding.

Client :Ministry of Finances, Paris

Survey references: August t976, CPCF n* 1564

Site St Germain-en-Laye, 20 km West of Paris

Object Construction of a new building, location of karstic

cavities

Definition Microgravity survey to map karstic zones.

Ceological setting

The building was to be constructed on piles, 10 m long, crossing 6 m of soft

top soil and tertiary marls. The piles following a 7.2 by 7.2 m grid, and

located under a series of ground-floor pillars, were to be anchored in ter-

0_ tiary limestone below the marls. A conventional (core drills and laboratory

testing) survey had specified the foundation conditions. Some of these piles

were to support quite heavy loads, exceeding 200 T.

S Vhy microgravity?

After the conventional survey, a sink-hole appeared 50 m North of the project-

ed building. It was suspected to be related either to medieval water drainage

tunnels (excavated from the side of a valley located North of the zone), or

to karstic phenomena in the limestone.

Survey design

Ko The microgravity survey was designed to follow exactly the pattern of the

pillars. So, 92 gravity stations were made along a 7.2 x 7.2 m grid.

Results

Anomalies slightly in excess of -30 microgals were found, mainly in the east-

ern part of the building. Analysis of these anomalies showed that they were

due to causes located between 5 and 20 m.
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Other methods

Control was made by 3 destructive drill holes with I.W.D. They correspond to

the following values of residual anomalies:

Drill hole Sl: -13 microgals

S2: -20 "

S3 :. -28

Drilling rate log of drill hole SI showed soft ground up to 6 m, then sound

limestone. S2 showed, with an average gravity anomaly, soft ground up to 6 m,

then sound limestone, with a karstic zone from 14 to 19 m. S3, with a high

gravity anomaly, showed karstic limestone from 8 to 20 m.

Conclusions

* Taking into account the good correlation between L.W.D. and microgravity, the

residual anomaly map was used to plan the foundation project. It was decided

not to deepen the pil s (the soil located below the limestone at over 20 m

- depth is not very sound), nor to grout the karstic zone (not economical in

-this case), but to connect the bottom of the pillars located in the eastern

part of the building by reinforced concrete beams (calculated to "bridge" the

cavities up to 3 m in diameter) and to replace the 10 m piles by cheap 6 m

concrete filled wells.

Enclosed documents

Fig. 109 residual anomaly

Fig. 110 drilling rate recorded during drill holes Si, S2, S. Vertically:

depths. Horizontally: drilling rate in meters/hour.

4244

%0



z

A - _

UB

VH

S K

L

.4M\

H2 5

LW



00

z 7/ 7777/.-7

~18

.60j"~ " ~
<70 ,////

%9

12_______

0 0mh 40020 0 0 0

Fiur 10 t emanenLyefiacemnity uldn

Dril.n rates_ duigdilhle/1 2adS

I24

......C
0 Jjj



PART 8: RE7EREECH SECTION-

References Mentioned in the Report

No-te: an t mentions papers written with the participation of CPGF personnel

inclUding:

- Yves Bertrand

- Narc Bichara (1)

- Edmiond PBolelli (1)

- Jean-Claude Erling

*- Erkan Kutkan

- Jacques Lakshmanan

- Franqois Lantier

- Yves Lemoine

*- Jacques Rouge (1)

- Manuel Sanchez

- Frik Siwertz

(1) at time of publication of corresponding paper

REFERENCES

I-Nlessandrel.o, E., B ichara, M. and Lakshrnanan, J. 1983. "Automatic Three-
layer, Three-Dimensional Deconvolution of the Pays de Bray Anticline".
Geophysical Prospecting, vol. 31, pp 608-626.

Arzi, A.A. 1975. "Microgravity for Engineering Applications". Geophysical
* Prospecting, vol 23, n' 3, pp 408-425.

Pallard, R.IF. 19nl3. "Cavity Detection and Delineation Research, Report 5,
Electromagnetic (radar) Techniques Applied to Cavity Detection". Tech. Rept.
GL-81-1, UrS Corps of Engineers, Waterways Experiment Station, GE, Vicksburg,

*Fenson, R.C., Yuhr, L."B. I 0lP7 ."Assessment and Long Term Monitoring of
* Local ized Subsidence using Ground Penetrating Radar". Karst Hlydrogeology,

A.A. 1Balkena, Ed. Boston, pp 161-170.

ItBertrand, Y., Herring, A.T., Lakshmanan, J. and Sanchez, M. 1987. "Curved
R ay SeismiKc Tomography, 17 Years Experience from Zaire (1070) to I'.enya (1987)"
.n(,'Int.jyp on Borehole Geophiysics ror Minerals, Geot. and GroundWater

Api.,Golden, Colorado.



*Bichara, M. and L.akshinanan, .1. 1979. "Autormatic Deconvolution of gravity
anomialies". Geophysical Prospectin , vol 27, pp 798-807.

7Flichara, >1., Laurin, P.J., Black, A., 1.aFehr, Tr. 1981. "Borehole Gravity
Meter :an example of Application to Civil Engineering", SAID/SPWLA Logging
Symposium, Paris

* 2Bichara, M., Erling, J.C. and Lakshmanan, J. 1981. "Technique de Mesure et
d'Interpr~tation Ninimisant les Erreurs de Mesure en Microgravim~trie",
Geophysical Prospecting, vol 29, pp 782-789.

iBichara, M. and Lakshmanan, J. 1983. "Determination Directe des Densit~s
du Sol et des Remblais Ai partir des Mesures Graviin~triques", Int. Assoc. of
Eng. Geologists, Int. Symp. on In-Situ Testing, Paris.

9 Blizlkovsky, M. 1979. "Processing ana Applications in Microgravity Surveys",
Geophysical Prospecting, vol 27, n* 4, pp 848-861.

6 !tBolelli, F. and Lakshmanan, J. 1965. "Aperqu sur les lirnites d'Application
de la G~ophysique 1 la Reconnaissance des Karsts". Chronigue Hydrog~ologie,
7, pp 111-114.
ott, 'I.H.P., Fmith, R.A. 1958. "The Estimation of the Limiting Depth of

.ravitating Bodies". Geophysical Prospecting, vol 6, n' 1, pp 1-10.

Bru, ;., Ledoux, J.L., M~nard, J., WaschkowskVli, E. 1983. "Les diagraphies

et les Essais de '16canique des Sols en Place". int. Assoc. of Eng. Geologists

Int. Symp. on in-situ Testing, Paris.
Butler, D.K. 1977. Proceedings-of the symposium on Detection of Subsurface
cavities, U.S. Army Engineer Waterways Experiment Station, Vicksburg Miss.

Butler, D.E. 19S0. "Microgravimetric Techniques for Geotechnical Applic-
ations". US Corps of Engineers, Waterways Experiment Station, Misc.
Pap. GL-SO.-13.

Butler, D.K. 195'. "Nicrogravimetric and Gravity Gradient Techniques for
Detection of Suhsurface Cavities". Geophysics, vol 49, n' 7, pp 1084-1096.

Cagniard, L. 1960. "Introduction 7,la Physique du Globe". Editions Technip,
Paris.

tCPGF (unpublished report). 1083. "Grouting Control Test at Fontenay s/Bois
Petro tunnel", CPGE ref. 2-505 (resistivity) and ref. 2552 (seismic frequency
analysis).

Elkins, T.A. 1051. "The Second De~rivative Method of Gravity interpretation",
iL__ vIC) 16-1, pp 29-5(0.

Fingineer manual 111-1-1802. Goop-hysica1 Explo rations. Decpartmecnt of the Army,
:':Crps of Engineers., USA, May 31, 1979.

1W tv(6S K. V. 1896. "lntersuchungen uher Gravitat ion end 1Erdmagnut ismus",
* Annalen (for 1'hysik, vol 59, pp 354-400.

!Frl in,-, J .(. , Lal:shmanan, J1. and Roiig6, J. 19S 1. "Appori des Diagraphies
pour ]a Ptalisation d,''Injections de Carri~res Fffondr~os". .Iotrnecs Nationaloes
GLotechniqties, Nantes, France.



ri'rling, J.C. Lind Roques, G. 1)8 3. "Reconnaissance et Traitement de CaviL~s
N7aturelles ou .\rtificielles dans le ')omaine 1'erroviatre". lnL. Assoc. of In~
Geologists, Int. Symp. on In-Situ lesting, Paris.

~r~ngJ.C., Bertrand, Y., and Kutkan, 'r..l)7 PopctoDt led

Sous-sol- i'rha in, on vue c> Travaux-. Souterrains". Iot. meet ingAFTES, Bordeaux.

Fajklewicz, Z.J. 1976. "Gravity Vertical Gradient Measuremenis for the
Detection of Small Geologic and Anthropomorphic Forms", Ge~pvis vol 41-05%
pp 1016-1030.

Fajklewicz, Z.J. 1983. "Rock-burst Forecasting and Genetic Research in Coal
'lines by Microgravity Method", Geophysical Prospecting, vol 31, n' 5,
pp 748-765.

Fisk, P., Gover, C., Holt, R. and Jones, G. 1987. "Strength of Material in
and around Sink-holes by in-situ Geophysical Testing". Karst Hydrogeology,
A.A. Balkema, Ed., Boston, pp 153-156.

* Frappa, P., Horn, R., Muraour, P. and Peragallo, J. 1977. "Contribution a
la Ditection par Sismique R~flexion des Cavit~s Souterraines de Faible Pro-
fondeur". Bull. Liaison Labo. P et Ch., 92, pp 59-65.

Gabillard, R. and Dubus, J.P. 1977. "Proc~d6 Electromagoftique par Focali-
sation des Courants". Bull. Liaison Labo. P. et Ch., Paris, 92, pp 80-86.

Habberjz,.;, C.Mf. 1969. "The Location of' Spherical Cavities using a Tripoten-
tial R~esistivity Technique". Geophysics, vol 34-5, pp 780-784.

fladj-Aissa, M.L. 1987. "Applications de la 1.1thode Micro-gravim~trique dans
les Etudes de Fondations de Barrages et dans le Contr~le de la R6alisation
de Remblais". Thesis, Univ. Li~ge, Facult65 des Sciences Appliqu~es.

Hammer, S. 1939. "Terrain Corrections for Gravimeter Stations. Geophysics,
vol 4, pp 184-194.

Henderson, R.G. and Zeitz, L. 1949. "The Computation of Second Vertical
Derivatives of Geomagnetic Fields". Geophysics, vol 16-4, pp 508-516.

tKutkan, E. and Lakshmanan, J. 1966. "Le Footis de Sevran, Prospection
Gravim~trique, Bull. Assoc. des G~ologues du Bassin de Paris.

LaFchr, T.R. 1980. "History of Geophysical Exploration, Gravity Method".

Geophysics, vol 45, pp 16034-163q.

La~ehr, T.R. 1983. "Rock Density Borehole Gravity Surveys. Geophysics,

vol 48, pp 341-356.

* *.Lakshmanan, J. 1963. "Reconnaissance de Cavit~s dams le Sous-sol par Pro-

c~d~s FElectriques et GravimiCtriqueIs . Sol-Soils, Paris,
.4

~.lkshama1, . 173."Cartographic Micrograviniftrique et Radioactive des

-4 Zones de Dissolut ion dii Gypse du kutttien au Nord-Est dole aris" Int. ymIp_.
on D~issol ut ion Cav itieos, Int. Ass;oc. of Eng. Geologists, Hlannover.

-Y.akshrnanan, 1 ., Bic hama, M. and Erling, IJ.C. 1977. ''Etudes dc Fondat ion en
Trerra in (;avemneiix :Place de 1 a Gray irit r ic". BullI. de Li a ison du laho . des
P1. et (:h. , Paris, 92, pP) 7/4-79.

*Iakshmanan, .1. 1982. "Varijable D~ens ity Bouguer Maps Obtained by Generalized
Net tlIeton Procedure'. 4'401 1. A. E.(. noet 1n,', Cannes.

0 r V
NO249



:tWakshrnanan, 1. 1983. "Diagraphies et i'ararn~tres de Forage". General Report,
Revue Franaijisj de G~ot1chnique, n' 2'3, laris.

zlakshmanan, J. and Kutkan, F. 1985. "Utilisation du Gravim~tre de Forage
pour !a D~ternmination in-situ des Densit~s". Nat. Coil. Beig. Com. Eng. Geol.,

* .. ~ Libge.

t Lakshmanan, T. 1985. "Corrections G(enJralis~es de Nettleton". Potential
Fields in Rugged Topography, Lausanne, IGL Bulletin, n' 7, paper 2.5.

%Lakshmanan, J. and Montluqon, J. 1987. "Pyramid of Cheops :Microgravity
wei-hs the Structure and Detects Cavities". The Leading Edge, january 1987.

xLechat, P., Monjoie, A. and Lernoine, 7. 1971. "Apports des Etudes Sisrni-
qUes et lressiorn~triques A l'Etude de la Fracturatian du Rocher dans le Cas

d'un Site de Barrage". Symp. Int. Soc. Rock Mech., Nancy.
Legatt, P.B. 1984. "Selecting a Density that Minimizes Elevation and

* Bouguer Gravity Corrections". Manuscript, Johannesburg, March 9, 1984.

Lutz, J. 1978. "Les diagraphies Instantan~es de Forage". Chantiers Magazine
n' 91, Paris.

McConnell, R.K., Hearty, D.B. and W,4inter, P.J. 1975. "An Evaluation of the
Lacoste and Romberg Model D 'Microgravineter". Bureau Cravim~trigue Inter-
national, Bull. n' 36.

kMichel, J.P., and Erling, J.C. 1975. "Dt~tection de CavitC~s Souterraines de
Petites Dimensions par Microgravim6trie R~alis~e en Cours de Travaux"..Coil.
Belg. Corn, on Eng. Ge-ol.

M1oudressov, E.A., Varlamov, A.C., Filatov, V.G. and Kamarov, G.M. 1979.
"Interpretation of High Accuracy Gravity Measurements for Non Structural
Deposits of Oil and Gas". Ed. Nedra, Moscow (in Russian).

Nagy, D. 1966. "The Gravitional Attraction of a Right Rectangular Prism"
Geophysics, vol 5, pp 176-183.

Nettleton, L.L. 1939. "Determination of Density for Reduction of Gravirnetric
Observations". Geophysics, vol 5, pp 176-183.

Nettleton, L.L.. 1940. "Geophysical Prospecting for Oil". McGraw-Hill Book
Com~pany, Tnc., New York

..cumann, R. 1967. "La Gravim~trie de Haute 1lr~cision, Application aux
Recherches de Cavit~s". Geophysical Prospecting, vol 15, pp 116-134.

Ol ivier, 'J. and Simard, R.G. 1981. "Improvement of the Conic Prism Model
for Terrain Correction in Rugged Topography". Geophysics, vol 416, pp 1054-
1056.

Parasnis, KS I () 52 . "A Study of Rock D~ens ity in the English Il1idlands . Mon.
* No-t._ P. Astc. Soc. Ceonh.__Suppl. 6, pp 252-271.

P'ar.,isn is, P.S. IW I( "Exact Expressions for the Gray it ional At I cdion of a
Circular Larlini ar all Points of Space and of a Right Circular Vert ical
C:ylinder at P~o is E:xterna~l to it". Geophysical Prospecti, vol 9, pp 382-

Si chez, P. I ')8 I .'I,' Enreg 1ist rcment tides 1'ziramt res do Forage". Tiravatix m1aga-

zine, n"'5??

* 250

~ .\.C



*1 i~m er t, F . Frlin ng, J a and I.aks I imnan, .1987 "Va7 r ''aariaJle Dhr,; i ty
1Ecuguer Processing of Gravity D)ata from Ilerault, France". The First Break,
vol 5, no 1, pp 0-13.

Itosenbachi, 0. 1953. "A Contr ibut ion to the Computation of the Second Deri-
vativye from Gravity Data". eohscvol 18-4, pp 894-91l2.

Schoeffler, J . 1975. "Gravirnetr te Appi iquCe aux Reclierches StrUcLuril es et
.:i ]a I'rospection P~troliore et V1n~e.E.Tcnp Pais

Sharma, P. Vallabhi. 1976. "Graphical. Evaluation of Magnetic and Gravity
Attraction of the Three-dimonsional Bodies". Gepyia Popcig
vol 1), PIP 67-173.

5 ingh, S . K. 1977. "Gravitional Attraction of a Vertical Riieht Circular
Cylinder". Ceophys. J.R. Astr. Soc. 50, pp ?43-246.

Smith , D.L. , Smith C.L. 1987. "Use of Vertical Gradient Analyses to Detect
1ear-ufcDisltoVod in Karst Terranes". Karst Ilydrogeology,

A..Balkema, Ed., Boston, pp 205-210.

Steeples, D.1'. and Miller, R.D. 1987. "Direct Detection of Shallow Sub-
surface Voids Using High-resolut ion Seismic Reflect ion Techniques". Karst

S Hydrogeology., A .A. Balkema, Ed., Boston, pp 153-156.

Talwani, N. and Ewing, M1. 1960. "Rapid Computation of Gravitional Attract-
~on of Three-dimensional Bodies of Arbitrary Shape". Geophysics, vol 25,

.I no 1, pp 203-225.

Talwani, M. and Heirtzler, J.R. 1962. "The Mathematical Expression for the
Magnetic Anomaly over a Two-dimensional Body of'Polygonal Cross-sect ion".
Tech. Rep. no 6, Lamont- Doherty Geolog. Observ., Columbia University.

Waschkowski, E.. 1983. "Les Diagraphies et les Essais de M~canique des Sols
en Place. Int. Assoc. of Eng. Geologists, Int. Symp. on in-situ Testing,
Paris.

Working Group presided by Habib, P.* 1979. (included Lakshmanan, J. and
Erling, J-C.). "Reconmxandations sur le Traitement des Cavit~s Souterraines et
notamment des Carri~res (G.S. 78)". Annales de l'I.T.B.T.P., Paris, no 370.

Working Group of the French National Committee on Large Dams, chaired by
Lakshmanan, J. 1982. "Nouvelles Techniques de Reconnaissance". 14th Int.

* Crngress, Int. Coin. on Large Damns, Rio de Janeiro.

17orking group. 1983. "Etude C6otechnique et Reconnaissance des Sols",
Presses de 1'Ecole Nationale des Points et Chaussf~es, Paris.

r * Working Group. 1967. "Recommandations pour la Reconnaissance G~ologique et
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* Summaries of relevant papers

A certain number of papers, originally written in French, have been summari-

zed in English. They are supplied with their main figures, with captations

translated into English as follows

PAPER I Foundation engineering using the gravimeter in cavernous terrain.

PAPER 2 Measuring and interpretation techniques minimizing acquisition

errors in microgravimetry.

PAPER 3 Surveying ang grouting natural or artificial cavities in

railway civil engineering works.

PAPER 4 Detailed urban subsurface investigations in conjunctions with

underground works.

PAPER 5 Gravity and gamma-gamma mapping of sink-hole in Lutetian

gypsum, north-east of Paris.

PAPER 6 Use of "logging while drilling" for grouting design in

* collapsed underground quarries.

PAPER 7 Microgravity adapted to the investigation of underground

quarries.

'I
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PAPER -
v:TPIS D I'OAT ION EN TE--RR AIN CAVE-'.RN-UX: PLACE DE IA GRAVIMETRIF

(FOUNIDATION ENGINEERING USING THE GRAVIMETER IN CAVERNOUS TERRAIN)

by J. Lakshmanan, M. Bichara and J.G. Erling

Bulletin de Liaison des Laboratoires des Pouts et Chauss~es (Highway Deaprt-

ment, monthly bulletin), n' 92, November-Dccember 1977, pp 74-79.

Ab st ract -

The position of geophysical investigation in foundation engineering over

caverns is first examined, separating cases of extensive caverns or under-

g~round quarries from those of small holes. Microgravicmetry is shown to be the

only method directly measuring the prospected anomaly: mass deficit in tonls.

Control by dfrill holes is not always easy to interpret and monitoring of

ri hun,, velocity and reflected percussion is recommended. Various prospect-

ion plans are described, as well as foundation solutions, following different

types of constructions and of geological problems. Lastly, several field

examples are given.

Note: the last example is already in section 717.

rressure Fog. I -Correlation between drilling

rate and prrtssicometric module.
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PAPER 2

TECIINIOUF D)E rESUlrE rT D' INTERPRETATION IIINTIIISANT LES F.RREURS Dr MESURES

EN 1,ICROCRAVIMETRIE

* ~(Mr.ASURI NC7 AND) INTERPRETATION TECINIOIJFS 11IIIZING ACQIS ITION ERROR.S

IN MICROCRAVIMETRY)

by M. Bichara, J.C. Erling and J. Lakshmanan

Geophysical Prospecting, 9181, vol 29, pp 782-789.

Abhst.ract

Pifferent soulrces of error influence gravity surveys, particularly shallow
Itmicrogravity surveys. Experiments show that the most frequent source of error

in gravimetric prospecting is bad estimation of drift. Better control of drift

.xists with the field procedure and interpretation technique developed by the

* authors, as can be shown theoretically as well as experimentally. Thle method

* implies a random or semi-random spatial sequence of measurement points. A real

case of field prospecting Is described.

Fig. 1. Processing flow chart Fig. 2. Drift correction exemple
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reOUGUER COMPUTATION MI Final drift

4RESIDUAL COMPUTATION 6- A Firs0t aprah dri

REGIONAL COMPUTATION1 4- 1
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0 __ TIME
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CORRELATION EXAMINATION /5
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READING TIME

DRIFT ALTERATION FOR MINIMIZING DISTANCE
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PAPER 3

RECONNA ISSANJCE E.,r TRA LTEMENT D)E CAVITES NATURELLES CU ART I ICEI.1ES

PANS I.E DORAINE FERROVIAIRE

(SURVEYING AND GROUTrING NATURAL OR ARTIFICIAL CAVITIES

IN RAILWJAY CIVIL ENGTNEERINIC WORKS)

by C. Roques, J.C. Erling

Bull. Int. Assoc. Enhg. Geology, n' .26-27, pp 299-308

Abstract

The presence of underground quarries and networks of karstic voids may gene-

0 rate stability problems concerning the existing or projected SNCF platforms,

FL I io. -inp a pr eliminary inquiry, a line of survey and handling is set up

secur ing aga init the risk of collapse at the surface of natural ground. A

rlcrogravity survey is run, completed With a campaign of tricone drilling,

eri1-onc ed thoihthe recordin ofdilig parameters. This is the logical

a-pproaIch to opt imize the grout ing program. The Method is illustrated by a few

e:-arples of survey done at Massily on the new TGV track between Paris and

-VOnl, and aISO OnI three sites on already existing SNCF tracks.
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PAPER 4
PROS'PECTION PETAIIE I)DU SOUS-SOL U BAI N EN VUE DE TRAVAUX SOUTERRAIN5

(DECTAIILED URBAN SUBSURFACE INVESTIGATIONS IN CONJUNCTION

MITH1 UNDERGROUND WORKS)

bv J.C. Erlini, Y. Bertrand and E. KuLkan

Assoc . Fr. Travaux Souterrains, AVTES (Fr. Assoc. on underground works),

1Lnter'ntional Technical Meeting, Bordeaux, October 1987.

, __ _L ract

Subsurface investigations in urban environment are delicate operations, owing

to buildings, pavement, pipes, cellars, cables, etc ... Underground geological

di ;turblances have to be mapped to ea-able a better design of subsurface works.

.ko very particular geophysical techniques are described in the paper: very

igh reselution microgravimetrics help to map density anomalies, while seis-

mic tomography yields a cross-sectional image of the underground in terms of

velocity distribution, attenuation and dynamic moduli.

Pensity anomaly
ax.is ' .',/, f- ., : A. , . Y )

o1l -2o 'oS T~20_~sac

"C ' ,r .tra'.'ty, anua I.;, of a cy ~I;,, ical, bod'y 0o ., _0

r i i,, n t h V .Bouguer contours (in cmgal).
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Irliure 3. fiaisv railway tunnel. 3-D view of figJre 2. Paris, Porte Poucheot. Microgravimetric
t)he south entrance. survey.
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PAPER 5

(ARTOCRA\UHI: MICROGRAVIMETRIQUE ET RADIOACTIVE DES ZONES DE DISSOIJftION

DU GYPSE DU LUTETIEN AU NORD-EST DE PARIS

(CRAV1TY AND GAMMA GAMMA MAPPING OF SINK-HOLE AREAS IN LUTETIAN GYPSUM

NORTH-EAST OF PARIS)

by J. Lakshmanan

Int. Assoc. on Rock Mechanics, International Symposium, llannover, 1973.

Abstract

Following some spectacular sink-holes, Lutetian gypsum lenses have been

detected in the north-east of Paris region. Gravity methods are now regularly

used for tie location of sink-hole areas. New computation techniques give

directly average heights of underground voids. Drill holes are completed by

in-situ density measurements (gamma-gamma).
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PAPER 6

APPORT DES )I ACRA ['l I ES POUR LA REALISATTON D'I NJ.,CTI ONS

DE CARRIERES EFFONDREES

([!IS OF "LOCCINC WHILE RII.TNC" TECIINIOUE FOR CROUTINC 1)ESTCN

I N COLLAPSE) UINDE.CROUND OUARRIES)

by I.C. Erling, J. Lakshmanan and J. Rougtu

Journ6es Nationales C6otechniques (National Ceotechnical Symposium),

Nantes, March 1981.

Abst ract

The improvement of collapsed underground quarries, because they are inaccess-

ible, is a technical and economical problem ; the latter aspect is vital, as

the volumes to be groted are much lesser than the known layout of the quarry

(or of karstic cavities). The permanent use of the "logging while drilling"

technique, and particularly drilling rate and reflected percussion parameters

help to fill the gap between detailed investigation and grouting works.

Interpretation of recordings allows the geophysicist to provide the contractor

w;ith such information as the exact location of zones to be grouted and the

type of grout to be used.

On the other hand, post-grouting drilling with instantaneous logging provides

a final calibration and control of the grouting.
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I PAPER 7

T.A PROSPIE'CTION MICROCRAVI'ETRIOUR ADAPTEE A LA RFCONNATSSANCE

DE CARRIERES SOUTERLAINES

(.I CROCRAVITY ADAPTED TO TIlE INVESTIGATION OF UNDERGROUND LIUARRIES)

by J.C. Erling and J. Lakshmanan

nuarry Inspection Authorities, Versailles. Technical meeting on old under-

ground quarries, October 1985.

Abst ract

The authors first describe the use of various geophysical techniques for the

location of underground cavities, insisting on the interest of microgravity.

After describing the position of microgravity in the planning of a complete

* survey, special aspects of microgravity interpretation are described:

- Vertical gradient measurement

- Gravity surveys inside tunnels

- 2-D processing with the Modcong program

- 1-) inversion with the Testfil program

The authors then give a series of practical examples:

+ underj-round limestone quarries in the city of Arras

4. " " at Caen

+ TGV Atlantique fast railroad: location of gypsum quarries at

Font enay-aux-Roses

+ lousing project at Chanteloup-les-Vignes (west of Paris) above collapsed

gypsum quarries

+ Adaptation of the construction of a building at St Germain-en-Laye (west of

Paris) following results of a microgravity survey above a karstic zone

+ Density evaluation of embankments

- Grouting control at Varangeville (eastern France).
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APPENDIX A : REPRINTS OF MAIN PAPERS IN ENGLISH

(Al) Automatic three-layer, three dimensional deconvolution of the

Pays de Bray anticline
(A2) Microgravity probes the great pyramid
(A3) Curved ray seismic tomography, 17 years experience from

Zaire (1970) to Kenya (1987)

(A4) Automatic deconvolution of gravimetric anomalies
(AS) Variable density Bouguer processing of gravity data from Ilerault,

France
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APPENDIX A - PAPER Al

(Copli),,.icA l'ropc cting 31. 60.4 626. I983.

AUTOIATIC THREE-LAYER,

TIlREE-DIMENSIONAL DECONVOLUTION

OF TIlE PAYS DE BRAY ANTICLINE*

E. ALESSANDRELLO, M. BICHARA and J.
LAKSHMANAN**

,%' A BSTRACT

ALISNDRELL(, E.. BICHIARA, M. and LKsITA.AN, J. 1983, Automatic Three-Layer. Three-

* Dimensional Deconvolution of the Pays de Bray Anticline, Geophysical Prospecting 31,
.608-626.

Gravity data have been transformed into a thrce-laycr, three-dimensional model by using
an automatic procedure based on linear filtering. The Bougucr anomaly is first transformed
by lincar filtering into density variations located between two planes 1100 and 2500 m deep.
These densities are then transformed into thicknesses with a constant density contrast of
0.4 g, Cm3 with two geological constraints for the second and third interface:

-minimum at 2500 m depth;
--maximum below a variable limit given by geology.

This givcs the contact between the second and third layer. Differences between measured and
computed gravity are then applied by a similar procedure to a layer located between depths
of 0 and 500 m. giving thc contact between the first and second layer. Interesting sccondary
anticlines and transverse faults are shown by various structural maps.

Ai.ISSANDIM.*.. E.. BICIIARA, M. et L,\KSIIM,\NAN, J. 1983, D&onvolution Gravirnitrique
Tridintensionnelle et ;1 Trois Couches de I'Anticlinal du Pays de Bray, GeophysiCal Prospec-
ling 31. 608 -626.

Utilisant un proc d autom;atique de d&onvolution base sur un fitrage lin~aire. les
auteurs ont transfornt des donn~es gravimntriques existantes en un modle tridimensionnel '
trois couches. L'anomalie de Ilouguer est d'abord transformc par filtragc lin6tire, cn varia-

• lions de dcnsit d'unc plaque horizontale, situe cntre 1100 et 2500 ni de profondeur. Ces

Paper read at the 43rd meeting of the European Association of Exploration Geophysicists,
Venice. May 1981. revised version accepted December 1982.

Compagnic de Prospection Gophyiquc Fran;aisc. 77-79 avenue Victor IHugo, 92500U Rucil-Malmaison, France.

608 (X)l6-8025/83j08(X) 0608 SO2.( i', 1983 EAEG

276

0L~



AIJIONIA [ IC 009NOILTON(t,

Lleniitie .onit elisuite tranisformei en epaiisseturs en titilisilnt kill contrasie constant de deniiit
de (0.4 gcii'. atee dti~eti coraintes geelliiiqiies liu lit unite entre lit deuxi~ine el lIt troi-

sileCOtilie:

ilininitiil fi~e .1 250W in de prtioiindttir:
- ii.iiii sittue non. tinle Iiiie variable ein clinqte point. ti\ e dtpres lit eioie.

.\\iit obtenii ainsi le contact entre lit detiiime et lit troisi~me couiche. lit dill'rence enire le
Chin1,j mstr ~ et le chimp di ;tcette prL'nuere structure est .ppliqiL& it tine dctii~me plaque

jiiee entre 0 at 500 mn de prof'ondeur. potir en deduire le contact cntre lIt premieet cli
tletxi~iie cotichec. Les diserses cartes strUcturates obtenues metient en 6tidence pILuSiCurs
anticlinix secondaires. ;iinsi qtic de nonibreuiscs failles iritis~crses.

1. I NTROD)UCTION

The hydroecology department of CPGF has been charged by the Frech Ministry
*of AuriCUlturc (DIDA of Scine M'varitime) to evaluate ground water rcsourccs in the

Pays de BIray arca, northwest of Paris. In order to Supply detailed structural infor-
mahition from tile arca. it was decided to carry out a quantitative analysis of existing
gravity data, published by thle I3RGN, at a scale of I :200 000.

The computer programn developed by Lakshmanan 11973) and Bichara and
Lakshmianan (19791 suipplies, after introducing various geological constraints, a
three-layer, three-dimensional model. The procedure. using, linear filtering, is much
faster than an iterativc systemn described by La Porte (1963). involving a twvo layer

2-, method.
Thle procedure works as follows:

-in thle first step. construction of density maps of thick horizontal plates by linear
lilteri lte:

-the usc of eological bUlrers in thle construction of thle model.

We used the BRGNI gravity miaps of France. i.e., sheets of Abbeville, Rouen,
Anilens, and Paris, corresponding to thie southeast half of thie famous Pays de Bray
anticline (betwcen Ncufchatcl-eni-Bray and B~eauvais). and starting with thle Bouguer
anomaly with a 2.3 g/cm' density. Unfortunately, the station spacing is quite hiigh:
5-10 km2i per station, cquivalen to1 a 2.5-3 km square grid, and the measurements

* are rather old (BROM North American gravity mieter), Thle maps were digitized on
a 2 x 2 km square g'rid. The interpretation was made on 20 x 20 = 400 central

% points. uising a maximum of 28 x 28 =784 points. Location of the area is shown in
fig. 1.
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,sur'ey _A!ea.

4;.Ma(eup

*Ot .B vv.

1
0

FiLe. 1. Location of the survey. [Situation de 1'etude.)

The Bouguer anomaly correspond ing to the 400 central points is shown in fig. 2.
The v'alues increase from -30 mGal in the southwest towards the anticline, alone
%%hich - 15 mGal is observed towards the southeast and - 4 towards thc northwest.
Northeast of the main anticline. the 13ouII'uer anomaly stays high (-4 to - 10).
decreases along a syncline ( - !6 to -20). and finally increases to - 13 in the
northeast corner.

The maximum Bougucr variation is thus 26 mGal. the avcrauc anomaly corn-
pa red to the minimum is 17 miGal. and thc median anomaly is 22.7 nial.

3. SY'STr.\ATIC Di~coN\\OI.u;TION BY VARIABLrE DEiNSITY'
HORIZONTAL SlI(EES

17or each shect, the entire Bouguer anomaly is used. giving four different density
maps. The following± depthis werc selected. starting from a datum plane located at
100 nm above sea level:

G-500 m
* 500-1500 i

1500-2500 in
2500-3500 mn

For each density map. the corresponding gravity field is computed as well as a -

map of differences bciwvccn mecasured and computed fields and a map of' the correla-
tion coefciecnt r.. This coefficient corresponds to the correlation between the com1-

* ~ptted field and meaSUred liouguier anomaly. inside a 7h* x 71h moving window,
whcrc It is thc central depth of the plate:

r 1 (ThI: - 7hl,, Ex, xp 1)
0 AI.. (,1i, .- T,3ExI- Exp1,,12]
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. . . . . . .

. . . . . . .

. . . . . . . . . . . . .

01

a"Ir

Fig. 2. IDouiucr anomaly (in rnGal). [Anornalie de Bouguer (rnil

whicrc Ti~ is the computed value at thc running point i. Th, is thc computed valuc
* at the considcrcd point 0, Exp, is the expcirinicntal Bougucr value at thc running

point i. Exp, is thie cxpciriniental Bougucr valuc at thc considcrcd point 0. and Al.
A2 arc the intcrvals defining the moving window.

It should be noted that thc use of a correlation coefficient, or rather of a
s imilarity coefficient for depth detcrinination, has becn suggested by Naudy (1971).
liowvevcr. thic Followitng two points are different:

-Naudy's ich suppfoses sevecral standard shapes for the anomaly, while we
dctcrininc the shape itself by dcconvolut ion.

-- Naudy supposes at two-dinmensional anomnaly and only examines profiles, while we
st tdy three-dinisional anomalies.
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IFicires 3 it, 0 show [lie roi coiipttd density ma~ps. The general staitistics are
ais fohlo's:

IMM111n1u11 - 2.3 niGal:

median - 8.2 niGal:
mininium- 30.9 niGal:

va.riat ion Of amp1111LIt Ie 28.6 mGaI:
median \ariaition Al = 22.7 mGal.

lIn order to eive at homouencous set of densities corresponding to it 1000-rn-thick
slab. the 0- to 500-n11 m1ap wais transformed into a 0- to 1000-mn map.

fIn liue. 7. variations of nican square difference of the wholc area are shown as
functions of the average depth of each slab. It can be sccn thati the mnean square
differeiict increases with depth without a minimium. Howevecr, this parameter
increases quite suddenly after an average depth of about 2000 mn (se table 1).

The correlation coefficient is vcrv close to 1. The obtained values decrease for
depths greater than 2000 mi for the entire arca. 1700 m for thc main anticlinc (ice..

61200 mn for its top). avd 2200 mi for at syncline located 8 kmi SW or the center of the

0 
0

2500 - 3500 mei.,s

F~ig. 3. Inveried decn%iigv hLiween 25WX and .15WX m (g/cm'). [Densii ohienue par inversion,
cnitre 25WX et 35(N) in (g cm').]
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'04

C) . . . . . . . .

1500-2500 mers

Vig. 4. ln~e rtcd density bct%%ccn 1500 and 2500 m (g/cm'). [Densit6 obtenue par inversion
cntre 1500 ct 2500 rn (gj cm 3).)

\. . ..\ .... . . ..

N. . . .

N,

. .. 0.6 . .

Fig. 5. Inverte~d density hciwe%,cn 500 .ind 15(X) mn (g/cnv). (Dcnsit ohtcnuc par inlversion

enirc 500 ct 1500 m (g/cni 3 ).J
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.~ . .. . . . . . . . . .

V. .

. . . .. . . . . .

\0 7
\. S.\ .-

. ~ ~ . . . . .

100 meters

Fig.~ ~ ~ ~ 6. Invrie destewe n 00n Scn) Dni oineprieso nr

0 -t 10000 m.ei, (g' cn.

main anticlinc. It should bc pointed Out that the actual dcpths to the top of thc
anticline found in livec %-ells werec 1110, 1207, 1078, 959 and 979 m (datumn plane
100 mn abovc sca lcvcl).

It should be noted that, if both mican square difference and corrclation coeffi-
cient show a scmii-horizontal section for the platc ccntcr located bct%%eeni 1000 and
2000 mn, another imiprovcnicnit in thecse criteria can bc sccn when thc plate Outcrops.

* ~Ta ble 1 . Correlain ~u is, h.ic and (n owt/j( Icn.sJwes.

Meac~n square Correlation Relative densities
diffecrnce Coefficient (ge4m31)

Depth P'en Whole Main Amplitude of
(rM) miGa of MI a rea aiiti inc NIax lm M Iiiimum va rit ion

0-5(X) 0.05 0.2 0.9999') 0.99999 -0.11 - 1.51 1.40
*(0-I1 (XXI) - - - - (- ().1))) ( -0.76) (0.7011

5%0-2500) 0.15 0.7 (.999814 0.99993 -0.016 -0.814 0.8(0
1500)-25(X) 0.21 0.9 0.99904 0.999K3 +0.53 -0.94 1.47
2500-3500) 0.46 2.0 0.99772 0.99859 +U0.7 - 1.12 1.69
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099000. 2.

00 4

*0

099900-7

/ E

1..
0999909 -, -

L02

/ Lo,3

0999 0-/0 50-50M 10-50 m 20 I5
det oidl*o sla0b

depth~dpt copue mniddtleep
Fi. .Vrition ors easarte dcffeiens dc corrlation cfcients with dcpt. (a) Corff-

cient de corrdation. ensemble dc I:a prospcction: (b) coefficient de correlation, anticlinal
principal: 1c) coefficient de corrclation. synclinal du Sud-Oucst; (d) &art type moycn. La
Niec indiqiie lat proforidetir cailculc i 1 li.apc suivanitc.J

The general shatpe of those curves suggests that, in addition to thc main causes
situated at 1000-2000 m, there exists some gravimetric noise, duc to superficial

* causes, or due to imperfections in tle maximum depshlof
Thecsc two parameters can thtus bc uscd to dtrietemxmmdpho

___ gravity anomalies, similar to the rules given by Bolt and Smith (1958) for simple
bodies.

A third criterion is the absolute valuc of density variations shown in fig. 8 for the
entire area, (lte main antielinc and thc southwest syncline. The values arc close to
the theoretical dcnisity limit (ae) for the outcropping slab (0-500 in), which is

0
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- t o0

0

0.5-

0 1000 2000

Depth to top of slob (M)
Fit!. 8. VaIriation of densities %%ith depth. (a) Entire area; (b) main anticline: (c) southwest

* syncline. Thc ;irrow% indicates depth to top of slab computed in next step.

[Variation des dcnsit~s as-cc la profondeur. (a) Ensemnble de la prospection: (b) anticlinal
principal: (c) ivynclinal Sud-Oucst. La t1&he indiqtic la profondeur jusqu'au b0it de ]a plaque.

* calcul&~ ;i 1* tape suivante.]

=23.87 6f

For A,,,=28.6 m(al and e = 500 m, one has co = 1.365 g/cm' instead of the
computed value of 1.4 g/cril. Mlaximum density contrast increases for depths
greater than 500-700 m. considering eithcr the w~hole arca or the main anticlinc,
rcatchine 1.4 or 1.6 g. cm3' for depths to thc top of basements of about 2000 m. These
values arc geologically impossible; to reduce them, it would bc necessary to assume
a thicker plate, bringing back the top of thc platc to dIth of around 1000 m
(thickening the plate downwards would not substantially reduce the density
contrast). The maximum density contrast thus provides another constraint on the
depth to the top of the anomalous layer.

4. STRUCTURAL I NTEI~ll TATION WITI(
GE~OLOGICAL. CONSTRAINTS

In order to use a three-layer model, it was necessary to simplify the complcyx
* geology. The general stratigraphy of the area is, very schematically, as shown in

table 2 (with depths relative to a datum plane 100 m above sea level).
% ~The interpretation starts by supposing that the anomaly is due to densi ty varia-

tions ofai horiz.ontal slab. We selected 1100 m as depth to roof and 2500 m as depth
to base. following thc results of the systematic interpretation by slabs and the
geological dlata.
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Table 2. Geit-raI sivr~Iitraphii o/i the arc,.

lPrestinled SV of tile NE[ o( thc
density ailliclinle Anticlitic anticline

Tcrtiairy 100 iii 0 1S0 mn
(Sand. dayv.

N inicsioiicl 2.0
Crelaccous I10+0 4-IS= 250 rn 0 150 + 150 = 300 rn

(Chalk.. mail)

Jurassic 250 + 1250 = 1500 rn 100 m 300 + 1200 = 1500 rn
(miarl. limiestoncl

Pcrrno-Triaissic Absent Absent
Mc a y . s . n d ioiic l 2 .4 1 5 0 0 + 1 0 0 0 = 2 5 0 0 n 1* Primary

liestonc. slate. Abscnt Absent
sandstone)

Crysialline basenicnt
N' lniss + local 2.8

basalt intrusions)

%: Thc map obtained (fig. 9) shows variations of dcnsity bctwccn -0.60 and
+0.20 g/cm 3. that is a maximum contrast of 0.80. This excessive contrast (compared

* to thc theoretical 2.8-2.4 = 0.4) could mean that:

-thc plate is thicker thin 1400 m,
-and,'or more superficial anomalics arc superimposcd.

A first test with the same top and a higher basc (in that case, Primary rnd
Pecrmo-Triassic scdiments wcrc includcd in thc basemcnt) gave even morc unrcalistic
denisity contrasts. WVc thcrcforc concluded that a more correct model consisted in
grouping the Primary and the Permo-Triassic with the Jurassic.

Structural analysis of this density map shows many interesting features. Several
S secondary anticlis and synclines parallel to the main anuicline can be seen. In

addition, several transversc faults (NE-SW or ENE-WSW) can be seen, and should
bc compared to geological fcatures described by, e.g., Weber (1973), Pomerol (1980)
and Dcbcglia (1977).

The second step, which followvs automatically, transforms these density varia-
lions into thickness changes, assuming:

-a flth base at a deplh of 2500 m;
-a variable top, situated between two -buffers ": the lower "buffer " at a depth of

2500 m, the upper " buffer " determined from the general geological structure,
translated 100 m upwards, 10 allow some freedom;
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7 NA

* 062't-'

/ /
. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .

I iv 9. Structural map, dcnsitics betwcen 1100 and 2500 mn. (a) Fault: (b) major anticlinc: (c)
kniy(cn).

(Caric Structuralc, dcnsit~s cntrc 1100 cl 2500 mn. (a) Faillc, (b) anticlinal principal: (c)

a1 comsilnt density contrast of 0.4 g cm' (basement 2.8 g,'cin, scdimentary strata
.2.4 &-'cmli).

The upper buffer is shown on fig. 10. Thc transformation in cach 2 x 2 kmi prism-
of dcnsitics into thicknesses is done in two steps:

-first. a linear transformation of density contrasts Aa into

% 1 (2500 - 1100) x Ael

r (2.8 - 2.4)
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500 ii.

g /C 
3

25(,.%o

Fig. 1I. Geological constraints of the model. (a) Ground level (average elevation 100 rn above
sea level); (b) sea level: (c) geological -*buffer * for top of third layer: (h) hcipht of interface
between second and third layer limit above base (2500 m below datum): (ho) height of
intcrfacc between first and -second layer limit above base (500 m below datum).

[CoJ3iraintes eiologiqucs du modi~e. (a) Altitude moycnne du terrain + 100 NOF; (b)
niveau de la mer; (c) "butoir " giologiqlue pour le toit de la troisikme couche; (h) hauteur de
la limice 2ime-3Rme couches. au-dcssous d'unc -base situ~c S 2500 m de profondcur: (ho)
hauteur de ]a limite lire-26me couche avec base situ~e i 500 mi de profondeur.)

A three-laycr model is thus obtained. Thle various parameters and buffers are
shown on fie. 11.

The computer program supplies the followving maps:

-Bouguer anomaly;
-(op orthe deep struccure:
-field due to the deep structure;
-difference betwveen Bouguer and computed field;
-top of the superficial structure:
-field due to tile superficial structure,
-last residual;
-for each step, diffecncc nmaps and correlauion maps.

The first two maps arc shown in figs. I I and 12. A general SW-NE cross-sctionl
(fig. 13) illustrates thc complete interpretation.

5. COMMuENTS AND) INTER PRETATION

* 5.). B&ISCeent Matp (ig. 12)

This map shows a series of NW-SE anliclines and synclincs, patrallel to the maii
Pays de Bray anticlinc. Several short transverse faults can be seen; several of them
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. . . . . . . . . .

. .. . . . . .

030

"0 .* ..

0 . .~o . . . . .

Fig. 12. Blasement map. (al Depth below sea level; (b) cross-section; (c) wells.
[Carte en courbes de niveau du soclc. (a) Profondcurs sous Ic niveau de la mer; (b) coupe

d interpretation. (c) forages.)

seem to bc connected. Thc main transverse fault is NE-SW and connccts the ccnter
or Ihe survey to the SW corner.

Five wells %%here the igneous basement wvas reached were compared to the final
interpretation as shown in table 3.

Thcsc very small dilTerenccs are surprising, particularly since well I is located on
a secondary anticline on the southwest flank of the main anticline. This secondary

* ainticlinc is practically invisible on thle Bouguer map. Three other wells lie outsidc
the survey area, two near the NE corner, and another one near the NW corner. The
differences arc more important:

F6 (Beleuscj. real depth 871 m instead or about 1300 m;
F7 (Mairdivilliers), real depth 144 in instead of about 1650 m;
F8 (Compainville. P13 201), rcal depth 861 m instead or about 700 m.
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Table 3. Comparison (f d'ptihs at.fir wIells.

Actual depth Computcd dcpth
(m) (n)

Well F l -1010 -1100
(Ferriires-cn-Bray)

Well F2 -1107 -1060
(aux Marais)

Well F3 -978 -900
(H oder c-en-Bray PB402)

Well F4 -859 -800
(Villers Vermont)

Well S -879 -900
(Hanaches PBI0I)

.•These differences can be explained by:

-unrliability of the extrapolation of our results out of the survey area;
-lower quality of deconvolution due to edge effects, particularly in the corners;
-for wells F6 and F7, influence of the low-density NW-SE axis crossing the NE

corner of the survey;
-influence of a regional anomaly.

This last reason seems to be the most important: all the wells along the main
anticline (except Fl) have real depths greater than computed depths, while wells F6
and F7, near the NE corner, have real depths smaller than computed depths.

5.2. First computed field and first residual

The computed fields look very much like the Bouguer anomaly, and the residual
map is more important. The mean squarc residual is 1.86 mGal (8.2% of the median
Bouguer anomaly). The main differences are due to points where the structure
reaches the buffer, principally along the main anticline. The residual map is there-
fore a "ghost " of the Bouguer anomaly.

5.3. Superficial structural map

The main anticline shows up clearly, as well as another parallel anticline 11 km to
the NE. Three transverse features appear, one of which corresponds to the major
transverse fault visible on the basement map. The northern feature was not visible
on the other maps.

5.4. Second computed field and last residual _

The second computed field is vcry similar to the first rcsidual field. The mean square
difference is 0.17 mGal, 3.8% of the average amplitude of the first residual
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(4.5 niGal) or only 0.8"" of thie aerage amplitude of the original lBougucr anomaly
(22.7 niGal). The ligurc of 0.8'., is to be compared with the mean square dilfercnicc
of 8.2",. onl tile baseie map.

It should bc noted that thie remaining dinenccs arc duc to:

-four points reching the second buffer, along tilc main anticlinc, with differences
of 0.63. 0.96. 0.31. and 0.37 niGal, respectively.

-cdtec cflkcts.

If these fotir points and one line close to tilc margin werc removed, the mean
square dlifercncc would bc only or 0.13 miGal (0.6-%).

Takine into account thcsc remarks, it can be seen that thle last residual map still
has an organized look. First. an cxtcnisivc *anticline" of small amplitude, with thc
same axis as the main anticline. can be seen; it may be related to regional variations
in the bascmcnt. This **regional ** anomaly has the following values:

Northeast -0.4 inGal:
* Aiiclil axis +0.2 to +0.3 mGal;

SouthwNcst -0.2 mGal.
SThle corresponding gradients are %-ery small: 0.02 mGal,'km.

Apir, from this regional effect, two other slighlt a nticlines "can be seen parallel
to the main anticline. However, after comparison with the basement map. it seems
that the deep dcconvolution was slightly too powerful and that thle two synchines
separated by thle main anticlinc onl the basement miap are somewhat shallower than
indicated. Of course, other geological interpretations arc also possible.

.5.5. Edge eflects

The abovc-mnienioncd edge effects aire mainly due to the calculation of the resultant
field and not to thle decconvolution itself. WVhen this job wvas carried out, thle resultant
licld was computed without extrapolation of thle structure out of thc survey area.
Since then. thc program has been adjusted to suppress this minor defect.

* .5.6. Final gjeohnjical inimf'pretationl

9 The general geological interpretation is shown in fig. 13. which is a SW-NE diag-
onal cross-scclion. %Vc have drawn:

-thle interfacc between thle second and the third layer according to deep dcconvolu-
tion:

* -[the geological buffer,
l op of tile basemenit (third layer);

-hie interface between first and second layer according to residual deconvolution.

Tile comparison between the top of thle second layer and our geological
interpretation based onl surface data shows a remarkable coincidence between this
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ilteiface and the base of the K immeridgian. except in an arca located between 2 and
13 km NE of the main anticline. In order to have regular variation of thicknesses. it
was necessary to lower both gravimetric limits. Part or the gravity high can then
only bc explained by an increase in basement density, which would be around
3.0 g/cin . This axis would correspond to the important (but rather flat) gravity high
to be seen on the Bougucr map, with an axis located at 9 km NE of the main
anticline. This part of the interpretation was carried out by semi-manual calculation,
using the two-dimcnsional prism 'ormula.

Lastly. there remain local ncgative difercnces between geological and gravity
interpretation. These negative residuals arc probably due to narrow vertical faulted
zones. whcrc the second laycr density could be reduced to 2.3 g/cn' and/or the
basement density reduced to 2.6 g/cm "l .

6. COMPARISON BE1.T\VEEN CLASSICAL DOW-'tVARD

CONTINUATION AND DENSITY MAPS6

Though this paper docs not deal with the theoretical aspects or the described
method, it seems useful to place what we call "deconvolution" within the context of
classical rmp filtering by Fourier transforms or grid operators.

First. it should be noted that "gravity dcconvolution" (Bichara and Lakshma-
nan 19791 is no more than a particular map filtering. Nevertheless, two differences
between - dcconvolution - and classical map filtering should be stressed:

a. Map filtering aims at obtaining either an enhancement of certain anomalies (e.g.,
second derivative at various grid spacing, regional or residual filtering) or a map
representation of fields at different altitudes (upward or downward continuation).
- Deconvolution " aims at obtaining a density distribution for a plate of chosen
thickness and depth.

b. Map filtering can, at least theoretically, be done perfectly. This is due to the fact
that frequency domain representations of upward, downward, and second deriv-
alive opcrators have analytical expressions (Fuller 1967). We do not know of any
frequency domain analytical expression for density operators.

Nevertheless, one could argue that classical downward continuation is a density
operator which also has the advantage of being well defined in tile frequency
domain, and thus would be more advantageous to use as an operator. In fact,
downward continuation can only give a surface density distribution which has less
physical sighiificance and is more difficult to use for structural mapping. Another
disadvantage of downward continuation is that, in our experience, it is a much more
noise-gcnerating filter than "deconvolution". In any case, downward continuation
can be (and has been) used for structural mapping (La Porte 1963); in this respect,
- dcconvolution" could bc described as a generalization of downward continuation:
downward continuation is'a "deconvolution" with a layer of thickness 0 and at a
depth which is a multiple of the grid dimension.
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7. CoN',ci.tUstoNs

The three-dimnlfsionlal. threc-layer deCOnvolution of existing gravity data along the

Pays dc Bray anticlinc has su~pplied ai powerful structural tool to the geologists.

helping to locate various features. such as secondary anticlincs and transverse faults.

particularly for a secondary anticlinei on thc flank of the main one, practically
invisible on thc Bougucr map.

Thrcc-laycr modeling was possible here by the use of geological constraints.

.i~aila ble in this well-known area.
The basement map comparcd to live wells showvs a mean square difference of

72 m (6.4",). This accuracy is in part due to the absence of lateral density variations
and also to an abrupt variation between sedimentary and basement densities.

In regions where no geological information is available, the described procedure
results in several parameters (mean square difference, correlation coefficient. and
liinitine densities) that can be employed to automatically construct a maximum.
depth basement map. It should be stated that thc interpretation tool described in
the present paper has becn used regularly by us for several yecars: various improve-
ments updatc the technique each yecar. Of course, this newv methodology of the

* interpretlation of gravity anomalies does not render obsolete classical interpretation
nmeihods. such as downwvard continuation. There will always be the necessity' of
separating regional trends from residual: classical methods for depth determination
aire always useful and we do use them frequently. Nevertheless, density maps allowv a
quantitative look at Bougucr anomialies which have proved useful in many
instances. Furthermore. providcd a givecn density contrast, these maps arec esily
transformed into basement maps. which in many- cases were confirmed by drilling.
We are presently studying the application of these techniqe tailnd, or sea
ma gne tic surveys.
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Treasure hunters and one archeologists have been convinced, bers) above the King's chamber

- since at least the 12th century. that mysterious chambers Dormion and Ooidin accepted these anomalies as proofs that
Sexist in the Great Pyramid which conceal the real tomb and the so-called King's chamber is just a decoy which hides the real

treasures of Cheops. A year ago two French architects. Gilles King's chamber, and that "stores" shnild exist close to the
Dormion and Jean-Patrice Goidin. examined the construction Queen's chamber.
features of the tunnels and chambers inside the Great Pyramid Early in 1986, the two French architects convinced the
- one of the largest buildings, ancient or modern, ever con- Egyptian Antiquities Department, the French Foreign Ministry
structed - from an architectural point of view. They observed and Electriciti de France (the French State Power Board) that
several anomalies, Particularly: their theories were sound enough to be teted its the field.

Electricilk de France, following its policy of technological spon-
- * The huge vault, much too high, above the entrance of the sorship, decided to head the funding of an expedition and

-' pyramid. start with a geophysical survey. Compagnie de Prospection
* The offset of the King's chamber - all other chambers in Giophysique Francaise was hired as a consultant. Resistivity,

bthi and other Gira pyramids are exactly in the pyramid's verti- electromagnetics and seismic methods were soon rejected. Radar
- cal axis (see Figure I, inset). was carefully examined but. in the end, Electriciti de France and

9 The abnormal position of the slabs in the Queen's chamber CPGF selected microgravity as the most efficient technique for
lunnel. cavity detection in the very special conditions existing in the

The abnormally large superstructure (decompression chain- pyramid.
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Microgravily surveys for eaves. Microgravity survey have limestone regions in Europe; World War I trenches and tunnels;
been carried out by CPGF for several years - starling with the sink holes and dissolved zones in gypsum, salt or limestone areas;
Paris-Lyon motorway (detection or karstic cavities) in November and repeat surveys for controlling grouting operations.
1962 and in the city of Caen in Normandy (underground quar- Another novel application of microgravity is the measurement
ties) in December 1962. CPGF has, subsequently, carried out a of absolute density of embankments by generalized Nettleton
number of microgravity surveys, involving a large number of profiles. Conventional microgravity is often completed
stations. Traditional gravity surveys really became "micro- by vertical gradient profiles across major anomalies for more
gravity" in 1968 when the firm or LaCoste & Romberg brought accurate depth evaluation. Gradient is measured between sta-
out the D-meter with a reading accuracy of one microgal. tions 1-1.5 m apart.
Various field procedures, processing techniques, and interpreta-
tion methods have been developed to utilize the higher sensitivity
of microgravity surveys and some of them have recently been M icrogrvity survey in the p)ramid of Cheops - preliminaryincorporated into conventional gravity surveys for oil. modeling, Computer models were run prior to the survey, in
Electricit de France is a major user of microgravity surveys order to evaluate the type and size of cavities detectable by

- for preliminary site investigation of dams and nuclear power microgravity. These showed that by operating along accessible
plants, for foundation quality control, and for fine microgravity tunnels and chambers, cavities of around 10 - 40 cu m could
gridding in the foundation excavation itself. The US Corps of be detected at distances reaching 10 m. A complete computer
Engineers has recently become interested in microgravity's poten- model of the pyramid was then run in order to compute the
tial and this year is studying the application of microgravity to general effect (P) of the pyramid and the corrections (C) due
the assessment of existing structures and structural foundations, to all the known existing chambers and tunnels.

Station spacing ranges from 2 -40 m in microgravity surveys. Values of P range from - 2,500 pGals in the Queen's chamber
The usual depth of caves is or the same order. The gravity tunnel to + 1,700 pGals at the highest decompression chamber
anomalies range from 15.-300 pGals. In order to achieve maxi- with a gradient of around 96 pGals/m (for a density of 2.6
mum accuracy, field measurements are made with great care. g/cu cm).
in a semirandom sequence, with returns to base every 20-.30 Values ofCrange from 0-2801,Gals (for the same density) with
minutes. The instrumental drift curve is adjusted to take into the maximum values being on the floor of the King's chamber.
account repeat stations, and to minimize time dependent All of these corrections were made in advance so that the field
anomalies. Work is often done at night when ambient noise con- crew could compute corrected Bouguer values on the site.
ditions are quietest. Different models of unknown chambers were run in advance

Final accuracy on repeats is in the order of 2-10 Gals when so that comparisons leading to immediate decisions could be
field conditions are good. When surveys are made in harsh made during the survey.
urban conditions (for example, along the circular Paris freeway),
repeat differences vary between 5 and 30 pGals. However, in Field work In the pyramid (see Figure 2). During the May 1986
the middle of large cities, microgravity is practically the only survey, a 2.1 x 2.1 m grid of 15 stations was set up on the floor
feasible geophysical technique. of the King's chamber and on each of the five decompression

The main geological targets in microgravity surveys are ancient chambers. In the September survey, scaffolding was put up and
underground quarries which occur frequently in chalk and two extra levels were surveyed in the 6-m high King's chamber.

Jan-Claude Erling r-ding
i.aCoste A Romherg
fl-meter In the King's
chamber.

MX.
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Three stations were made close to the entry of thc King's 2Aa'+c
chamber in Caviglia's tunnel which was dlug during the 19th 2.6 ,'T + ax' + a'x + by' + b'y +c
century.

A 27-rn profile with I5 stations (spaced 1-2 m) was made in a'biga paetdniy si oeoegaiyMIay in the access tunnel to the Queen's chamber. Two other 0, being an apparent density, as in borchole gravity.
profiles were made in September on each side of the 1.1 1.1 (2 We also had to take into account the effect of granite slabs•m tunnel. Spacing beteen these three profiles is 0.5 m1 (which (.65 g/cu ca) surrounding the King's ,.hambcr and the decom-
i probaly San wo eord these twoee profiles include awtotal pression chambers. This required an iterative procedure.,, .is probably a world record!) These two profiles include a total Tests were also made using a horizontally stratified, 3-layer

, kof 46 stations with spacing ranging from 0.5-2 m.Tesweeaomdeuigahrznlysttfe.3-yr
f 46 pyramid density. Results yielded an average apparent density of

the pyramid ranging from 1.88-1.95 g/cu cm (see Figure 3).
I nterpretation procedure. The Pyramid's density was computed After computing ar,', a, b and c, the theoretical free air gravity
using an interpretation technique similar to that used in borehole (TFA) was computed at each point, leading to a residual free
gravity surveys. In fact, the measurement or gravity inside a finite air anomaly:
body is a generalization of borehole gravity. RFA = FA - TFA.

Measured free air gravity (PA) is the sum of:
* The general attraction P of a homogeneous theoretical These residual values were then transformed into differential

pyramid, of density a, from which the effect C or known cavities densities ,ia by computing the vertical gradient /.RFA inside
is subtracted; P-Cis the effect of the "pyramidoid." by analogy a moving window. We (quite arbitrarily) suppose that LRFA is
with the geoid. due to a local modification of the Pyramid's average density

* Regional effects on the pyramid due to external causes, a, , inside a cylinder LZ meters high, and of a radius R meters.
either linear fax + by = C) or of the second degree. The difference of free air attraction between the top and the

* Regional vertical gradient, bottom of a vertical cylinder is given by:
'" a* Effect of local inhomogeneities inside the pyramid, such 80

as unknown caves. MA= 3 .1. U + ,-\Z -vIR + nI
After computing P-C for an arbritrary density, a multi variable

regression between FA, P-C, x, y and z should yield the correct which yields, setting R = r.Z,
0 average density o,, In fact, tests show that P being very strongly A _ - I FA I

related to z, these two parameters cannot be easily separated. 83.8 6%Z I +r - / +r
2

The regressions used were therefore based on equations of the
type: as compared to the usual borehole gravity formula

I 6FAFA T u, _9 +PC a x + by + c, o r a ='
2.6 83.8 1Z

GLOBAL DENSITY OF THE PYRAMID

(11gots)
loo - FREE-AIR CORRECTED

GRAVITY(FA)

discharge chambers
Soo

grand gallery-south face

Caviglia's tunnel King's chamber

FA=(P-C). a, .ax-by+c

regional effect P:influence of the pyramid
- grand gallery-north face C:influence of .known voids

- oa:density
ax+by+c: regional influences

%, INFLUENCE OF THE PYRAMID.,, '-.- access tunnel to Queen's chamber -INFLUENCE OF KNOWN VOIDS
sla-ted -- Oso S (! gals)

itFlr 3. The slantd line represents apparent density of 1.95 g/cu cm. Corrected density is 2.05.
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THEORETICAL ANOMALY RESIDUAL ANOMALY

OF A CHAMBER SITUATED BEHIND LEVEL 5

THE MIDDLE OF THE NORTH WALL
00LL5 E LEVE 4 ~ >N
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Figure 4. KING'S CHAMBER
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75.5 AZ (

We can then compute an apparent density a' at each point

= + ~
Vertical gradient% due to regional effects were then computed.LEL4

The correction of the effect of a large gravity feature located .
25 km NW of the pyramid increases the apparent density by E~tc

0.15 percent. The correction of the topographic effect of the Nile -6
w ~ valley and of the effect of lower density quaternary sediments

increases the apparent density by about 5 to 7 percent. * LEVEL3

.Average density end structure of the pyramid. Taking into 45
account these corrections, the average density of the pyramidLEL2
is very close to 2 g/cu cm. This figure should be compared to
the known density of the materials of which the pyramid is (or
could be) formed:LELI

* TuRA limestone, which covers all the access tunnels is 2.6
g/cu cm.

o Local paleogenic limestone is an average of 2.07 3/cu cm.

*is 1.3 g/cu cm. Z
Pending further debates, we consider the hypothesis of a

massive pyramid, mainly made of local limestone, without (or
with very little) foll, to be the most coherent. a

The results of more intricate models (3-layer, or with a sec-
ovid degree regional) make us suspect that this density of 2 g/cu19

% c~m Is just an average. We feel that the lower southwest part of....

tepyramid could be heavier, but further measurements on the 2.001.5 095 5MYR
surface of the pyramid would be necessary. 1.95 to 2.00 1.875 to 1.925 1.875

Relut In the King's chamber. The residual values range from Figure 6.

3Q1

01il



- 25 to + 33 ptGals. The main negative "somaly is located at the the most significant results.
northwest corner of the King's chamber's floor. It corresponds Figure 7 is a residual anomaly map, showing the results of
to a small old investigation tunnel, leading out from below the the three profiles after all corrections. Towards the entry of the
stone coffin. A couple of small high frequency local anomalies tunnel, a positive zone (+ 20 MGals) shows up. while towards the
show up and %ill be investigated later, but they have nothing Queen's chamber, a strong negative feature (- 25 ;als) is visi-
to do with the anomaly computed from the presumed unknown ble, mainly on the western profile. The difference between the
tomb, which should have given a 5 m wide negative anomaly two zones, around - 45 pGals, is a very significant, non-ambig-
at decompressiu chambers 2 and 3 and a symmetrical positive uous anomaly.
anomaly of the two reading levels on the scaffoldings. Quantitative analysis is very difficult because data are only

Figures 4 and 5 compare the theoretical gravity due to the available along the three tightly spaced profiles. We made various
suspected chamber and the real residuals and Figure 6 shows interpretations with different hypotheses, supposing various posi-
the apparent densities computed from these residuals corrected tions and amplitudes of the maximum anomaly. The most pru-
by 7 percent of the effect of regional vertical gradient, dent hypothesis supposes that the maximum is reached at the

west profile.while one could suppose that this profile is in fact
The Queen's chamber access tunnel. This zone was only just on the edge of a larger anomaly (see Figure 8).
surveyed as a secondary target; however it was here that we had The different proposals yield various interpretations (either

QUEEN'S CHAMBER ACCESS TUNNEL
4- Towards Queen's chamber Towards entry -

DRILL HOLES

S2 S3 S1

* construction anomalies

,. 0 ,0 ,
EAT'WEST osrcinaoais

-: ri,,

)o 0

.',

_ _ I. ____L1 n 7b114161 1 42

0 2 4 E 12 14 16 I 20 22 24 26

ES WESTWES

7 7 7 ES construction anomalies

3 profiles 10

Gravity i

• lmu . .v(=¢nOO*through drill hole S2 , ..

.. L W"AMAC00.S
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MICROGRAVITY TEST ABOVE THE SOLAR VESSEL CHAMBER

N

* PROFIF 2 -30 MICROGALS

-20 TO -30 MICROGALS
"-] -10 TO -20 MICROGALS

Cavity with second Solar vessel

Solar vessel'

museum //A L..------------------------ I
0 .

• s PROFILE 3

PROFILE 1 10 METERS

Figure 9.

For a horizontal cylinder or for a horizontal strip) all located where a buried vessel is suspected. A similar vessel has previously
in the hatched zone. been discovered and reassembled in an adjacent museum.

Of course, if one oF these sources extended upward towards The survey included 35 stations with spacings ranging from
the side of the tunnel, the upper part (located on the same 1-6 m. The two profiles which cross the presumed vessel clearly
horizontal level as the measurements) would not create any show anomalies reaching -30 to -50 pGals. This short test
anomaly at all on the vertical component of g, measured by the showed how easily fine microgravity could be used for locating
meter. small underground chambers. Of course, all the sophisticated

The position of this anomaly along the tunnel and its loca- corrections made inside the pyramid were not necessary here.
tion on the west side coincide with a certain number of observa-.
tions made by the architects. It was therefore decided to drill We wish to put aside the "treasure hunt" and "curse of the
sideways, with holes tilted 30 degrees from the horizon, in order Pharaoh" sides of the survey, which attracted 40 international
to locate possible "stores" as have been round in other pyramids, journalists to the pyramid. We do not wish either to intervene

The drill used was a small electric rotary drill with a 35-mm in the present controversy between schools of Egyptologists as
diameter. The Egyptian authorities made us carry out a pre- to the nature of the sand-filled cavities we have detected.
liminary test on large blocks outside the pyramid to avoid all However, the techniques used: microgravily with advanced cor-
risk of destroying valuable objects. The pyramid's building rection and interpretation techniques, and microdrilling with
blocks are limestone and 53 cm thick. We were allowed to use endoscope visualization, are considered by all involved to be the
water injection to fush out the sediments for the first 45 cm best combination for surveying underground chambers, particu-
of drilling but we had to end the drilling in each block with dry larly when surveying inside structures like the pyramid.
diamond drilling. Egyptian and French authorities are now discussing the best

Three holes, 2.6 m long, were drilled 1.5 m apart. After cross- follow.up courses. One debate is between the use of a larger,
ing about 2.1 m of limestone (four blocks), they all struck loose more powerful drill or the construction of an investigation
sand with pieces of mortar. The three holes were visually in- tunnel.
spected using a Bodson endoscope. The edge of the sand was More gravity surveys are anticipated along uninvestigated tun-
seen to be vertical in all three holes. This sand is very loose and nels (particularly the Grand Gallery) and on the outside faces
wAe air-flushed out several liters with a small compressor. The of the pyramid. A complete 3-D gravity model "weighing" the

0 architectural purpose of this sand is not known; however, the pyramid could yield more information on both the possibility
Egyptian Antiquities Department agrees that this discovery is of other chambers and on the geotechnical features of the
a definite indication of an organized structure, probably related pyramid itself. Several observations (particularly in the decom-
to new and unknown chambers. pression chambers) suggest that stability problems exist in the

Reverting to gravity interpretation, it is clear that if the anom- pyramid. Such an investigation could be a useful test for develop-
aly was only due to sand, its volume would have to be very large ing techniques for the assessment of other larger existing struc-
- around 40 cu m for anomaly 4, for example. tures, such as earth dams. It

(Oral versions of this article itere presented at a seminar at the
ravilty test over the hurled vessel chamber. A short gravity Colorado School of Mines in September and at SEG's A nnual

test was also carried out outside the pyramid, over a chamber International Meeting in November 1986.)
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CURVEO RAY SEISMIC TOMOGRAPIIY - 17 YEARS EXPERIENCE FROM ZAIRE (1970) TO KENYA (1907)

Yves Bertrand(1), Alan T. Ierring(2)
Jacques Lakshnanan(l), Manuel Sanchez(l)

(I) Compagnie de Prospection G6ophysique Fran~aise, 20 rue des Pavilions - 92000 Puteaux (France)

(2) EDCON, Inc. 171 So. Van. Gordon, Denver, Colorado 10220 (USA)

AOSTRACT - Survey of the 150 m cliffs forming the found-
ationsof the Turkwel dam site, Kenya,

flearlIy 20 years ago, the late Maurice LaPorte -Location of fractured zones in chalk for the
developed a very sophisticated technique for nuclear power plant of Nogent-sur-Seine,
inverting well-to-well seismic travel times. France,
For its initial purpose : the detailed investig- - Location of karsts for the nuclear power plantS ation of oil fields, this technique came in too of Civaux, France : tomography between ground
early, and was nearly forgotten. Mow, several surface and a deviated bore hole.
teams around the world have taken up the subject
for oil exploration, on an even more ambitious I. INTRODUCTION. ~I ne.le -Nearly 20 years ago, the late Maurice LaPorte
In the meantime, CPGF in France had started developed a very sophisticated technique for
testing the algorithm in the field, for dams inverting well-to-well seismic travel times,
and other public works. During the last 17 years and tested it once at the Lacq oil field
more than 50 surveys have been carried out and (Oais et a), 2971). LaPorte's technique supposes
many developments have been made. the iterative adjustment of velocities at a set

of around a hundred nodes. Between the nodes,
CPGF has also added, since 1980, two down-hole velocities are supposed to vary continuously.
tools : For its Initial purpose : the detailed investi-
- the Sheargun, a down-hole mechanical hanrier gation of oil fields, this technique came in
- the Sismopressiometre, a down-hole, three too early, and was nearly forgotten until the
component geophone, with high pressure radial eighties. Now, several teams around the world
clamping, and particularly in the U.S. (at the M.I.T. with

Toksoz) and in France (with Tarantola) have
The paper illustrates the advantages of curved taken up the subject for oil exploration, on an
ray tomography, as opposed to straight line even more ambitious line, including full wave
tomography. The advantages of high power, inversion, but without any field experience.
clamped mechanical sources, such as the Sheargun,
are also shown. Typical examples of seismic In the meantime, CPGF in France, who had main-
tomographies Include : tained a neighbourhood relationship with Maurice
- Survey of an underground power station in a LaPorte and the I.F.P., had started testing the
horizontal plane, between 3 adits at Dusanga algorithm in the field, for dams and other
dam, Zaire, public works.

- Survey of an existing nuclear power plant at
Doel, Belgium, During the last 17 years, more than 50 surveys

- Survey of an underground power station at the have been carried out in a vast variety of geo-
Grand'Maison dam in the Alps, in a vertical logical conditions, for many types of works and
plane, many developments have been made at CPGF, both

- Location of faults at a dam site, in Vendde, for acquisition and processing.
France,

- Structural study of limestone-marl sequence In addition, CPGF has added, since I9O30, two
for a nuclear power project at Cruas, France, down-hole tools, to improve acquisition

- Location of a buried lava flow at the Grand conditions
[tang dam site, Reunion Island,

- Location of karstic zones along a large urban
sewage tunnel in Bordeaux, France,
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- the Sheargun, a down-hole mechanical hanmmer I1. BUSANGA DAM, ZAIRE
- the Sismopressiomttre, a down-hole, three
component geophone, with high pressure radial Hear the 130 ni arch dam project at 0usanga,
clamping. Zaire, an underground power plant was planned

in primary schists and quartzophyllades, quite
Now, quite a few groups have started working or strongly faulted and located near the Lualaba
seismic tomography applied to civil engineering, river gorge, arouro. 100 meters below t::e sur-
some with continuous sources (J. Wang et al, face. The power plant site had already been
'1987), others with simplified straight line surveyed by 2 adits G3 and G4 (see figure 1).
inversion.

In chapter IV, we will illustrate the advan- ua-" ,
tages of curved ray tomography, as opposed to Y'-, -. !i
straight line tomography. In chapter VII, we ,
will show the advantage of high power, clamped .
mechanical sources, such as the Sbeargun.

I. EXAMPLES OF SEISMIC TO GRAPHIES '

Typical examples of seismic tomographies
include
- Survey of an underground power station in a ' " ,o,,

horizontal plane, between 3 adits at Dusanga iWI,,. Zo.,I
.dam, Zaire (M. LaPorte, J. Lakshmanan, ""t#' *'"
M. Lavergne, C. illm, 1973), as described Figure 1. Location of Busanga power station
in chapter III,

S- Survey of an existing nuclear power plant at
Doel, Belgium (F. Henning, J. Jacquemart, The purpose of the seismic tnmography carried
J. Lakshmanan, J. Roug6, 1981). with tomo- out in the horizontal plane G3, G4, was to
graphy under the existing structure, and P- locate the optimum position of time power plant.
and S-wave measurements, using the Sheargun Along the sides of G3 and 04, during a prelimi-
as described in chapter V, nary survey, conventional seismic measurements
Survey of an underground power station at had been made with 60 ni, 12 geophone spreads.
the Grand'Maison dam in the Alps, in a Compressional velocities obtained are shown on
vertical plane, between 2 adits (A. Martinet, figure 2, with lower velocities near the adit
G. Akermann, J. Lakshmanan, F. Lantfer, entries (3600 and 4300 mis) as well as in two
(1982), with P- and S-waves, leading to interior zones (4300 and 4800 m/s) while the
Young's modulus and Poisson's ratio maps, general rock mass velocity is around 5000 -

- Location of faults at a dam site, in Vendde, 5400 .,/s.
France (J. Lakshmanan, 1982),

- Structural study of limestone-marl sequence
for a nuclear power project at Cruas, France
(J. Lakshmanan, Y. Bertrand, M. Bichara,
Y. Lemoine, 1902), -

- Location of a buried lava flow at the Grand
Etang dam site, Reunion Island (J.F. Cottin
et al, 1986), as detailed in chapter IV,
Location of a buried cliff for the Marseille
metro (unpublished CPGF report, 1905),

- Location of karstic zones along a large +";
urban sewage tunnel in Bordeaux, France "

* (J.C. Erling, Y. Bertrand, E. Kutkan, 1987).
- Survey of the 150 m cliffs forming tne I -

foundations of the Turkwel dam site, Kenya
(unpublished CPGF reports, 1986-1907). as
described in chapter VI, .- Location of fractured zones in chalk for the

nuclear power plant of Nogent-sur-Seine, t
9 tomographies, 40 m depth (CPGF unpublished ,1 +* report, 1932),
Location of karsts for the nuclear power , ,
plant of Civaux : tomography between ground +
surface and a deviated bore hole (CPGF un- I
published report, 1987).

Figure 2. Velocity measurements at Busanga
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5 transmitter points were used for the seismic IV. GRAND ETANG DAM, REUNION ISLAUO
tomography, while 21 among the 96 conventional
receiver points were selected. The tomography This dam is planned in a volcanic environment
panel is about 120 x 150 metres (see figure 3). v:here previous drilling had detected a basaltic
After the first (straight line) iteration, the flow 5-30 m thick covered by 20-40 n silt and
mean square difference between measured and pervinus scoria, filling an ancient valley.
,computed travel times is 0.67 milliseconds
(Z.Z Z). while after 3 iterations, it is 0.43 In order to complete an impervious cutoff
milliseconds (1.4 %). The computed velocity reaching the basalt, it was necessary to check
maD compares well with the conventional survey, the continuity of this impervious layer, and
most of the maximums and the minimums coincide, its link with older basalts forming the edges
In fact, we could have included the travel of the ancient valley. 12 seisrmic toriographies
times along the adits in the inversion proce- were run between 13 drill holes S0 m deep, and
dure. Here, they were kept apart. 50 i apart. Two of these tomographies, run to-

gether, are shown on figures 5 and 6. Central
The Busanga dain project is presently abandoned, drill hole SS3 had the particularity of having
It if were taken up again, comparison of met two layers of basalt, separated by silts,
figures I and 4 suggests that the plant be while the lateral drill holes SP2 and SDI (like
pushed 30 m south and slightly rotated. all the other ones) had only met a sinnle

basalt layer.

fist is.io )

.. .4 . m . . . .

.- N

.4 .+...............

b4 re.n ill, ds wo-

p.Aflu..c aran4n4 er 144"l.

A \ Figure 5. Grand Etang darn, velocity inversion
1~' ~ c(1st iteration).

jI insI.. a

After the first iteration, corresponding to a
Figure 3. Shot points (A to E), straight line tomography, the link between the
receivers and raypaths at Busanga. high velocity zones on each side is not clear.

After 5 iterations, it becomes clear that the
upper basalt met by 5S3 is related to the
basalt of drill hole SP2, while the lower one
is connected to basalt of S01, with an evident
.low velocity separation between both layers.

A)I,, mmII

. . . . . .. . . . . . . • o

.. ...........

..............

'Figure 6. Grand (tang dam, velocity inversion" (5th iteration)

Figure 4. Velocity inversion at Dusanga h
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The raypath cohstruction corresponding to the 5. DOEL NUCLEAR POWER PLANT, BELGIUM
last velocity distribution is shown on figure 7.
Here too, the low velocity separation hows out Dynamic soil properties were studies after the
clearly, concrete structure had been built. Th~e'ore,

in addition to two sets of conventional cross-
and down-hole tests carried out in an accessible

"... . .. ........... "area outside the plant, a seismic tomogra;hy
was made between two 60 m holes drilled on each
side of the reactor, 120 m apart ; with 12
transmitter points (caps) on one side, and 12

,, receivers (hydrophones) on the other.

... ' Figure 9 shows the results of the inversion of
compressional velocities, with velocities less
than 1700 m/s up to a depth of 20 metres (loose

., ,to-,c ,quaternary formations), then 1750-1900 m/s in

the tertiary sands on which the pfle foundation
is built, and then 1700-1850 rn/s in the
Flandrian clays. Figure 10 shows the shear

Figure 7. Grand [tang dam, raypaths moduli in the same panel with moduli of 1500-

2500, 2000-3500 and 2200 megapascals in the
same 3 forn,Wtons.

Figure 8 shows a synthetic cross-section with The increase of dynamic properties due to com-
the 13 drill holes and the 12 tomographies. It paction under the weight of the structure is
seems clear that the recent basalt flow is shown on figure 11, where the velocities in the
continuous, except : "interior" columns are divided by the velocities
- close to SS3 as described above of the 4 "exterior" columns.

* - at each end, where it does not connect with
the older basalts.

o b.. .old basas

,ogor Gran ..... ;.: :, ..........

reccnl ba'fsis

50m

Fiue8. E;an tang dam. 12 tomographles It shows that the velocities in the sand layer
are about 5 % higher under the middle of thereactor than under the edges. When comparing

with measurements made in the "free field"

..~ ...... .oucibsoi itsid h ecoti ai scoet

Figure 8. Grand Etang dam .12 t osth e vor espoitie increa e and layer

,modulus is around 20 %.

r 
,.

"**,, ,***, :. . 1 ;,

Figr .De nuclear plant. comlpressional * H~ OUI2200 : SHERMOOUU MA PASAl.S)

veloitis Fgur 10 Ool ncler pant shar ~dui&
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1.00 00).A IJt KU1 L DAM

P WAVE TOMOGRAPHY(LEFT BANK)
10 .

0

30-- 40 %It

40. Ism

Fi0r 12..I Turkwiu dam P waetmogaph

/iur 11. Doe nucea plnt veociie (lf bank)n.

6 0 TmewWEL (IS TISELDA

6. TUI~WE DAMS WAVE TOMOGRAPHY

The general aim Of this survey was the deter-to OITs.IWiminatinn of reotechnical rock quality of the
cliff abutments. This was done by seismic towno-
graphies between two adits and between ground
surfate and adits on both banks. 4 tomographies
were run with both P waves and S waves.

Haps of P and S wave velocities, E and G modul i 70' '<
and of Poisson's ratio were supplied. Examples -X "
of these maps are shown (figures 12, 13 and 14)

P wave velocities range fromn 1000 to 3700 rn/s. ~'ffh..
S wave velocities range from 2500 to 6100 rn/s.

These values yield very high moduli which are
not abnormal for such a gneissic or granitic
rock mass.

A certain anisotropy seeras to exist, particu-
larly on the left bank, where vertical veloci-
ties can be 20 hi&gher than the horizontal

* ~ones. So, processing was rerun, taking into ,,

a ccount this anisotropy by modifyinq the cwwrva-'N 0
ture of the rays. Results are very similar to
those obtained without anisotropy. * 'A.
It should be noted that the cownouted travel
time can be comoared to measured travel times. Figure 13. Turkwel dam, S wave -tomwographwy
An example is shown on the following table (left bank)
(right bank, P waves).
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Comparison with in situ static dilatometer
TURKWEL DAM "Iederatec" tests show quite giood agreemtent

YOUNG'S MODULUS MAP (LEFT BANK) between dynamic E moduli and static E moduli.
Wcan values measured at (or close to) the

34 Vederatec mneasurem~ent locations are

static E 16500 MWa
dynamic E 26400 Ita

tit 07. THlE SIIEARGUN AN D TH~E ADVArITACES OF STRAIDHT-

In order to obtain clear S wave com~ponents, it
*has been shown for several years that mechanical

z W1.devices, both on the surface and in dillhls
are much more efficient than explosives, caps,

\~. sparkers or piezoelectrical sources. In fact,
the original down-hole shear wave source for
-cross-hole testing was a haitier striking the top

X of a drill rod. In this case, very clear S waves
were obtained, but the P wave component was verys/I//spoor.
CPGF has* develcped since 19,11. in collaboration
with Techniques Louis W~nard (the inventors of
the PressiometreO , the world famous in-situ
geotechnical device) a down-hole haniner called
the Sheargun O(Y. Bertrand, P. Dozetto.

'**-"*'*J. Lakshmanan, 1986). This system includes a
pneumatical, radially clamped anvil which is in

Figue 14 Turwel am. oungs moulifact 'a Pressiom~tres -included in its Mcinard
F(ge 14.uk wcaYun' id split tube. A spring actuated hacruier, driven by

Ve can see that the meani quadratic difference *ir. strikes th o fteavl(iue1)
between measured and computed times becomes
steady after 3 iterations. Average travel time
was about 12 milliseconds.

Anvil

EXV!1PLE OF INVERSIOl itiPROVE1IENTI

Right bank, P waves Pnern~ck acSSqinlV H rne
Anisotropy - I owr ou ib amnd

piessmei

Iteaton At quad. At m~ax schematic of the sheargun
Ieain(quadratic average)

milliseconds miI 1 i seconds

1 0.995 2.302-Fgr15Sceaioft hagu
.2 0.353 1.453 Fgr 5 ceai fteS a u

3 0.288 1.202 The receiver is a Sismopressiow~treo wh ich is
4 0.281 1.161 a 3 component geophone clanmped to the hole
r.0.278 1.159 through a MRnard presslonitite.

60.276 1 .153 Tests in soft formations have shown that %shen
tile Pressiorabtres puts the soilI back into its
initial state of stress (see figure 16), the

Extra iterations after slight received signals are of much higher quality
*adjustment of the model than when the geophone is just applied against

the hole wall by an arm (total force applied by
7 0.303 1.153 the Sisrnopressioni~tre is around W. tonts. instead

8 0.277 1.148 of 200 times less with a usual down-hole gee-
phone). Depth range of both tools in the stan-

9 0.273 1.143 dard 63 mmn version is around 200 metres.
10 0.270 1.130
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Particularly, it can be noted that the P wave
break can be measured with an accusracy of up to
0.02 milliseconds (using another time scale and,Z if necessary, an oscilloscope instead of digital

E..--- I seismic recorder) and the S wave with an accu-
I "racy of around 0.05 milliseconds. These figures

seem surprising when looking at the frequency/ content of the whole sithis
Y I troversy between time and frequency domains
" / Ishould be definitely settled in favour of time

E 1domaain. When the seismograph (or the seis,;.u-Pt logist) gets the break, it does not care about
the rest of the signal to core!

c
0 Time-break picking precision depends on the rise

time which is nct only related to the frequencyElastic phase IPastic I content of the signal, but to the energy carried

ih. by it. Therefore, a powerful source like the
I. SheargunS even with a limited frequency content

Stress (2000 11z for the Sheargun) can yield breaks with
an accuracy better than the actual sampling rate• of the recorder itself ; 0.1 millisecond is not

Figure 16. Pressiometric stress-strain curve o tro de ri
hena problem.

eSignals transmitted b the Sheargun and used, and the 63 nmm tool can thus reach distancesreceived by the Sismopressiomstre are quite around 60 metres. For greater distances, CPGF-striking. and show remarkable frequency separ- has developed a 135 nmn Sheargunim, for use in 6"ation between P and S waves..Figure 17 shows the holes. Tests carried for Elf Aquitaine have
results of a cross-hole test with a horizontal shown that this tool, which produces an ergy
separation of 20 m. On the left of the figure, of 500 joules (instead of go joules) can reach
the actual recordings are shown with the 2 hori- distances close to 300 metres, and can operate
zontal geophones, and at the bottom left, with up to depths of 500 i.
the vertical geophone, the most sensitive to
the SV waves created by the SheargunO . The
amplitude spectra on the right (normalized 8. CONCLUSIONS
vertical scale) show the distinct frequency CPGF's long practical experience in seisriic
separation between P waves (1350 Hz) and S waves toiography has shown the following features
(120 Hz). The recording was made at Creys- curved ray processing strongly irprovs the
Malville super-breeder nuclear power plant in resolution,
France. in a clayey sandstone formation.- the use of S waves increases the contrast

between compact rock and fractured zones,
- high quality records, and therefore, strong

sources are necessary to obtain good inver-
sions.

Imrovements presently being made concern the
inversion of the quality factor. In the future,
tomography will have to take irto account the

_ A1 2 'full wave form.
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APPENDIX A - PAPER A4

AUTOMATIC DECONVOLUTION
OF GRAVIMETRIC ANOMALIES*

M. BICfARA and J. LAKSHMANAN**

ABSTRACT

lIICnARA, M., and LAKSiIANAN, J., 197, Automatic ])econvolution of Gravimctric
Anomalies, Geophysical Prospecting 27, 798-807.

l'xisting techniques of deconvolhtion of gravity anomalies are principally based on
ipward and downward continuation of measired fields. It can be shown that a unique
set of linear filters, depending only on geometrical paramctcrs, relates density distribution

S at a given depth to gravity mcasurcd on tli surface. A method to compute the filter
coefficients is developed. Very accurate reconstitution of theoretical models of intricate
.hape, prove the validity of the linear relationship. One of these sets of linear filters is
applied to a field case of underground quarries.

I - LINE;RITv OF Tll. RI.ATIONSIPl' UETWI'EN (;ItAVITV AND DENSITY

DISTRI IUTIONS

I.1 - L..I PORTE method:

la Porte (1963) established an iterative method for the reconstruction of
an underground geological structure from the gravity field on the surface of

the ground.

In the first step the field is continued upwards:

z g(x, y.t (.x, y, + z) = .. j....... ... dv
+ (Z)- f f y

2
-+.:) 3/2dx d(

Next the field is continued downward by:

g 0.,, -:)= - (, ). + :) + -g (x, y, o) + *' - (X., 1, )

-+. . (- (
o(2

, Z-,

* * l~vceivvil St ptemher 977

SCollagtie de ]lrspucti,, Gt"Oliph .siqllt Fru'aisv, R 1til .ialllism, Frant'e.
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Vina liv, L a Porte calcula tts aI surface (111151Y dV(istributl ion ;It deplthI z from

4,T

or a volumue denusi ty distribution front

(X, Y g (x. y, (4)

where e is thc thickness of thc layer at depjth -z.

Equation (4) and (5) suppose that the variation of the gravity field are due
to the density variations within one layer at depth -z.

The La Porte method is very interesting and justifies itself by equations (i)
to (3). It has been used 1by uts for several p~roblems. Nevertheless, it is a costly
method needing many computations (see equations (i) and (2)). Furthermore,
problems due to the discretisation of equation (2) often arise. These problems

0 were already discussed ini detail in La Porte (1963).

1.2 - Relationship beli'ecn gravity and density distribution:
From equations (1), (2), and (3) one notes that, for a given depth - z, a, and 8

are linear in g (x, y, o). Therefore, there exists a transformation with the
following p~rop~erties: a = 3(g)
if a,= 3(gi) and a: = &,&2), then a, + a2 = 3(g, + gL,): % is a scalar, then ?.a=

This follows front the fact that:
g(x, y, +z) is linear in g (x, y, o) (see equation(i))

Vig(X y,0)is linear in g (x, y, + Z) at z = o, thus g (xv, y, - z) is linear in

g (x, y., o), and consequently from equation (3) the e-xistenlce Of fu~nction Z is
leinloust iii c(l.

According to Schiwartz''s theorem (see Yosida 1968) ~3 could be represented by
conivolution with a kernel function K. Wec can write

a (xn, yo, -) f f (X - Xo, Y - yo, z) g (x, y) dxvdy. B~)

Uron eq uia ion (.1) it is evident that 3 (Xu, yo, Z) C.1i1 he exp~ressed by ant
iitegral c(liiti 3)sim~ilatr Lto (.5).

I)isVeretiz.alion an limlitation1 of (l111-16111 (4) 9i\ves Ilc vequationl

Al~~~~~4 Y,4 j. --. eXLA1 i- .j-1

tvluuc thie (Kj- (kepetud (pit(lhe gridl dcliieiisioti the (depth z. and the thuicknuess c
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A~L HICHiARA AND J. L.A <iiN.AN

Tll vali' 2/ is rh rrd to as the' filtvr coufficiclt. "hisd ellohiilatioii follows

from a mor' ner'.al idea for tilt discretizatiot of a Coiivolhtioni iltcgral. For
iirt. infomations the r eadcr is refer red to (;hosh (1971) or ilichara and L.aksh-

iii an (i 1)7(i))
The idea is the following:
There is theoretical reason for the existence of a filter (7.j.1) realizing ClItiation

(h). This filter has been calculated and tested on various theoretical cases. We
found that it was efficient and quite adapted to a density reconstitution at a
given depth z.

II - CALCULATION OF TIlE FILTER COEFFICIENTS

Proposed method

If equation (6) is valid, it follows that the coefficients aki depend only on
geometric factors (grid, depth, and thickness of the source layer). Therefore
they arc unique and can be computed by considering the effect of any sort of
source, for example a right prism.

* l.et us consider the effect of a right l)rism of length ax, height e, situated at a
depth z, and with a density contrast of i, centered on point (II, n) on a grid of
dimensions (21M- i) ax, (Z - 1) ay; let g (i, j) denote the gravity effect of that
prism at point (i, j). The gravity anomaly is given by

2 (i+ I - in) (j + i - i) a,'iza
A - A"e larctg

3 z • + I - ,,,), a, + (j + z - 11)"'1, + -

+, (i - ,,) (j - 11) 'iy
+ arctg- I'(' ,,,) ,,, + (j _ y,)la, + Z2

i (i + I - in) (j - ),naxa,,

- arctg - -- --

-artg ;(ii+ I -,) a' + (j- n)a;+:
(i - ,,) (1+ I - ,,) ,i,,,,,

- aictg /(i - -(
",h)

2 ' + (j + + (C)

Actiially, the more accurate eqlations by Nagy (96o) were used.
• We can then write a system of (In x n) equations

,14,, g (i - k, j - ) o, (i. j) 6 (,,. 1) (7)

1- ., (m - k, - I) = Ar, wit h1 the ta,. (8)

as the In x itIlinkiowns.

',q
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Thek fIe size (mn x )I) and the grid siz.e (21!m - t) x (2a1 - i) should in theory

be infiniitely large. H-owever. wre have found empirically that the filter siz e

is correct if outside the complete grid (2)) - I)X (2)l - 1) the gravity anomaly

is less than a hundredthi of thc maximumi anomaly.

11.2 - Experimntal restils

4 For a right prism with

ax=a -z in

over-burden z = io i

height e = 3 ru
density contrast I g cm- 3 we obtain the anomaly shown in fig. i.

For a grid of dimensions VII - I 2)l - I = 13 (lt Itn = 7); the filter coeffi-

cients arc given on figure 2.

1Y. . 0. ell *.-%

T-7 77 f*@ *O*t**O *S

Z0 121 1 1 1 I i I 1 1
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'AI=).() 7 9()S inisteadi of thc 'theioretical value 01.07974 T his

tlicorctical %-,aile follows from tile c(Ilation (4) app~lied to a layer of constant
thickness and contrast:

for A A

with e =3~ in and( Ag in 0.0! rngal,

A'= 0.07974 Ag. Application of the filter of fig. 2 gives

AC- (EC4I)A - O.O7968Ag.
The close agreement confirms elegantly our theoretical assumptions.

I II - EXPERIMENTAL RESULTS

The following examples concern mathematical control of the accuracy of
* thc filters used. Figure 3 gives the theoretical density distribution: 7 blocks

io m x io m and -1 rn height along a line, at 10 m depth wvith a density con-
trast Of 2 g C1113. Figure 4 gives the gravity anomaly of this model and figure 5

4-4

Fi./1 O
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01.

Fig. 4. Anomnaly tue to model i(contours in 0.0r K ng.l).

-2.005 -. 003 -.003 .00? .056 .051 .002

-. 003 -2.000 -. 000 .001 .021 06" .05

-. 003 .- 000 1-2*0, -,004 -000 *02, 1056

.00? 00~ - 001 -2.000 1-.004 006 00?

.056 .021 -.000 -. 001 -2.001 -. 000 -003

.031 .060 .021 .001 -. 000 -*.C00 -,003

.002 . 031 .06 .00? -. 003 1-.003 1-z.006

lig. j. iMtl)(Il 1 comtlteI by linecar filter.
Sltda t4rcl dlvintimi of (1 tceiitiec4 0.00.; g/v.Ill'

S(aclard dev'iatLionl of recolIJ)4ttet anom.0%al o.o06 l,;I.l

gives the lc()fstrllcte(I model. the stanldardI clviatilol onl the( denit l is
(1-404 9 C111-1 (1ma-ximumll .05()). 'I'le stalldlardl deviattioii (if the gravity alolul

mv(lite t IbIis stritctlire compljaredI with Ow i original onIe is oo. ro2 ni1gal for*

ani *tvvrage jiioitt;jj%. of i .0o . Zo0 :1t1gal.
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Thtw S'cond( miodel is Iii it. comllIicate(f (igillre 6) :it C0onsists Of 24 little block ;

I with IcIdiitvcoot rast -2 g cmi scPj M etd bY 25 blcks with den~sity contrast o.

'4/ ~24 777

1A R01

/IV ?/'j

// >9 0
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.mrromi.vric I ICC01 .1-1N M: c u.*Avrrv .\.Nom.1: So.

l igire 7 show"s ;k (Wail'ter o3f ttil. ll3i1aly (tile L( this mol(32. TheL C(3iflh~i3ll
*effect (3f tile 49 llocks is practically equivalcnt ota tIsnlLi lc

with dlensity cointrast - I g cm.13.
Thec filter result is quite spectacular (figure 8). The incan square difference

Onl the dcnsity is .032 g cni-, the largest dlifference ben.o03 g cmv3. The mean
square differecec on thle reconstructedl. gravity anomaly is .o ib *io nmgal for
anl average of 6.o *xo-2 mgal.

Fi.. Model 2C coped by lie filter.

Stndr deiaio OfC *elite 0.02 g/C111

V ~ ~ ~~~~~il re.s.Multscmutdbyhocrfitr

Of course, these quite extraordinary results were obtained onl theoretical
modls, andl the reader would be quite justified in asking for practical results.
Some of thes were presented at thle 1974 Hanover Symposium onl Engineering"
G;eology' andl have been controled by- drilling. The studies presented at this
symoiu)~lm concerned dectection of sinkhole areas ill gYPsumII, 43 nM deep).

More recent work has been carriced out by CPGFI- in th Caen area (Normandy.
* F'rance) wheIire large underground limestone quarries are found. *These quarries

are approximiatelN 4 Ill high and have very variable horizontal extension.
F;igure 9 shows the map of suich a quiarry located by a gravitY survery, and

gives the reconstituitted denisitY of prisms 14 Ill x 14 ill x 4 ill.
* ~The close correlation can he appreciated by computing pelrcenitage (of quarried

surlfalce inlside cacti 14 M x 14 in squIare (3) and com"parinig tis per-centage wit ii
thie reconstituted densities 1).

Figiire 10 gives this corretlation. "'e hav-e S = -0-3,Si (1) + 0.75) + 0-03 o3r,
admittinig a least squares relat ionshiip passinig through the (3ri-iii S =-o4.45 1).
Tits mleans1 that tile average iiiiestoiie (leliSit ,v conlt rast for S. I woidil~ be
1 ) =- I/o.4 65 -2,15 90ili 1. which seems1, it) lhe a Correct density for this
Jilirassic limestone.
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Fig.9. Comparison bctwcn quarry map and densities computed by Filt program.
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APPENDIX A - PAPER A5

Variable density Bouguer processing
of gravity data from Herault, France

Francine Rimbert*, Jean-Claude
Erlingt & Jacques Lakshmanant

The licrault permit for oil is located in the south of best cstimate. Parasnis (1972) has summarised pub-
France in very hilly terrain between Mount Aigoual lished variations on Nettleton's method. The
(1500 m) and the sea at Sete. In the preliminary stage gencralised Nettleton procedure developed by CPGF
of exploration, it was decided that new Bouguer maps, (Lakshmanan 1985) was originally used for microgravity
including a variable density one, and a surface density surveys, and in 1981 was used in a large gravity survey
map should be produced. for oil in very hilly terrain in Morocco. In addition to

France is covered by a national gravity map published applying the method to an areal array of stations, the
by BRGM on a scale of 1:80000. It was decided that particular feature of thisprocedure is the use of residual
the original data should be recovered and new data values of Bouguer anomalies and elevations, instead of
acquired to infill the blanks in order to get stations on raw values. This allows the effect of the near-surface
an average grid of 1.2 by 1.2 km. The existing data had density distribution to be removed without introducing
been acquired along roads with a station spacing of 800 any regional bias.
to 1200 m, but the road lines were 3 to 6 km apart. The topography is first smoothed with a moving win-
Very detailed mining gravity data were also available dow: a two-dimensional convolution operator is applied
from the area around Lodeve. After appropriate sam- to the surface topography z0 (x,y). The resultant is
pling of the latter data set, 2041 old stations were re- smoothly adjusted to yield a surface that lies just below
tained and 619 new stations were planned (Fig. 1). In
most or the permit, the new stations were located along
tracks or footpaths over the hills, whereas the old grid
was located mainly in the valleys. +

With 2660 stations in total, the number of stations
per 100 km2 varies between 60 and 70, and the largest
remaining blanks in very inaccessible areas are about 3
by 3 km in size. The data from these stations were =+,*..,*. +
processed using a generaliscd Nettleton method. After " *

isostatic corrections, structures show up much better on , ."

the variable density Bouguer anomaly map, facilitating "
* interpretation. The surface density map shows the low : " ,

density of the granites, and the high density of the Per- *"

mian and Jurassic dolomites.

Generallsed Nettleton corrections
Nettleton's (1940) method for estimating the near-
surface density along a gravity profile is to calculate the
Bouguer anomaly along the profile assuming a range of
different values for the density in computing the .v* '

Bouguer and terrain corrections, and then to choose ,
the anomaly profile which correlates least with the ++
topography: the corresponding value of density is the ...

*Total CFP. CEDEX 47, 92069 Paris La Difense. France. OLD STATIONS NEW STATIONS

tCompasgnie de Prospection Gdophysique FranIa. 20, rue des
Pavilions. 92800 Pueaux. France. Fig. 1. Example or old and new gravity gridding.

322



METERS

550.
SURFACE TOORAY

500

450

400 SOTE P

350

300

' " 'REGIONAL! TOPOGRAPHY

* MttLIALS
4.2

CONSTANT DENSITY 1I o)
* ,,4.0 80 GUR AN MA Y

* 3.8

3.6

3.4

3.2 iSMOOTHED OUGER

3.0 OSA D T

% 2.0

'REGIONA' eVER

O (To 7 t (To NEAR SURFACE DENSITY 07> (To

Fig. 2. Basis of gcneraliked Nettleton technique. The regional topography is smoothed and chosen to pass below the surface topography
everywhere. TIe density above the regional topography is adjusted by nulling the covariance between the residual topography and the
residual Bouguer anomaly over a moving window. The variation in this near surface density is indicated at the bottom of the figure.

the low points in the topography throughout the area. We now consider the residual topography and the
We call this surface (Fig. 2) the regional topography residual Bouguer anomaly, expressed as a function of
zR(x,y). It is assumed that the density has a constant a, given by
value 0a, below the regional topography.

Let us consider the Bouguer anomaly for two diffcrent Zr(X,Y) = z(x,y)-z R(x,y), and

density distributions between the surface topography 6gai = 89g1- )gn1.
and the regional topography: first that it has the same The best estimate of y is obtained by setting the
constant value a, everywhere, and secondly that it has covariance between z,(x,y) and 8gBR equal to zero. This
an unknown constant value a within a fixed radius of is done over a moving window. A better estimate of

*" the station point and the original constant value a.,, the Bouguer anomaly can then be computed from the
beyond this radius. The Bouguer anomaly for the first density distribution found for the near surface on the
case is the conventional one, which may be written as first iteration, and an improved density distribution

8gd = 8gvA+2TrGcrozo-7Tr. found by setting the covariance between the residual
new Bouguer anomaly and the residual topography

Let the Bouguer anomaly for the second case be 8g0 . equal to zero. This second iteration is usually sufficiently
It will differ from bgn,, in both the Bougucr correction accurate for the production of a map of the surface
term and in the terrain correction term, and may be density distribution and the final calculation of the vari-
readily calculated as a function of a. able density Bouguer anomaly map.

The Bouguer anomaly 5g, is smoothed over the whole Careful selection of the radii of the moving windows
* area using the same moving window and the same func- for rcgionalisation and for correlation is necessary. The

tion that were used to produce the regional topography. value selected for a. is not too critical, and any reason-
The result is the regional Bouguer anomaly 8gaR which able constant value of density can be selected for the
is also a function of a. first iteration.
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The Iferault survey made at eight points surrounding the survcy area, which
Surveying. In order to reduce acquisition costs, it was is sufficient, taking into account the large radius of
decided to make do without optical levelling, which curvature of equal isostatic corrcction curves. The Pratt
costs nearly as much as gravity acquisition. As many 30-km hypothesis was adopted (30 km is the depth to
stations as possible were located on physical bench the isostatic compensation surface). Corrections were
marks (60 stations) or on stereo-topographic elevation .made with the Lcjoy-Coron tables supplied by the
points (498 stations) marked on the regular 1: 25000 International Gravimetric Bureau. For each of the eight
topography maps published by the Institut Gdo- stations, average altitudes are evaluated for each of the
graphiquc National (IGN). The former have an accu- Hammcr-Bouguer zones and corrections read in the
racy of 0.02 m, while the latter have an accuracy of 1-2 tables; negative corrections were applied to oceanic
m. Only 61 stations had to be located away from such compartments and positive ones to the terrestrial com-
topographic points. Their elevations were measured, partments.
and those of the stereo-topographic points checked,
using two Paulin microaltimcters (one moving, one
base). The mean square difference between barometric -
measurements and the published values of stereo-topo-
graphic elevation points was 1.62 m or, after excluding ., 2

9% of the microaltimeter readings taken during bad %
weather, 1.02 m. Finally, apart from a few points where As9

the IGN stereo-topographic altitudes were incorrect,
the IGN values were retained. - (7

Terrain corrections. These were calculated in the stan- . l.

dard manner, with the appropriate modifications to i ,..

allow for the variable density. Long distance corrections G,9/i '61
were made up to a radius of about 50 km. The average . 1

terrain correction is 0.69 mgal, but they are much higher
in the northwest half of the permit, where they exceed
5 mgal at 25 stations (maximum 14.38 rgal). The accu- -12

racy of the terrain corrections is estimated to be around ?

10%. '" .. t
Quality control. The first control was the fit between QV

the old BRGM stations and the new ones. After a cer-
tain number of repeats and base tics, no significant dif-
ferences were found. In some areas, apparent differ- I'a

ences between adjacent stations were due to the fact0
that the BRGM stations were located on deep valleys,
while the CPGF stations were on the wooded plateaux,
300 to 500 m above. After variable density corrections,
these apparent differences disappeared. ,- -

This improvement was confirmed by computing a "
'local' residual by comparing the Bouguer anomaly at

€ an individual station with the smoothed anomaly coM- FIg. 3. Detail of Bouguer anomaly with variable density (values in
puted by averaging the Bouguer anomalies at nearby milligals).
stations within a fixed radius of 2 km. With variable
density, the percentage of points with residuals exceed-
ing 3 mgal was 1.0 instead of 2.3 with a fixed 2.3 g cm- 3  After isostatic corrections, the regional gradient is,

Ill, density. Final accuracy on the Bouguer anomaly was to a large extent, removed. Figures 5 and 6 show the
* evaluated at 0.3-0.4 mgal. isostasy-corrected Bouguer for a part of the permit; Fig.

The variable density Bouguer anomaly map for part 5 with only the old data and a constant 2.5 g cm -3

of the permit is plotted in Fig. 3 with the surface top- density, Fig. 6 with all data and a variable density. The
ography for the same area plotted in Fig. 4. effect of more regular gridding and of pseudo-static

Nettleton corrections shows up clearly in the northeast-
Isostasy-corrected Bouguer ern half of these maps. The elongated shapes of three
The Bouguer anomaly shows an important regional Tertiary basins corresponding to 'lows' oriented NNE-
gradient decreasing from the sea towards the northwest. SSW are clearly revealed on the variable density map,
In order to remove this important gradient, isostatic while on the old map, these structures are much more
corrections were carried out. Isostatic corrections were 'pscudopodic'.
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Fig. S. Wloqiy-cnrrected BOniguer anomaly map. for a constant 2.3
gcm-. density. including old stations onlyj!(a. ucamn milligals). S .1. 7. Surface density map.
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(v) high densities (2.7-2.8) over (he Jurassic dolo-
mites of the La Gardiole hills, continuing the pre-
vious zone (iv) to the south,

(vi) low densities (2.2-2.5) in the southeast corner
(Tertiary coastal plains),

I (vii) high densities (2.7-2.8) in the centre/southwcst
coinciding with the Palaeozoic rocks, but extend-

... ing eastwards irom the outcrops,
* (viii) low dcnsities (2.2-2.5) in the southwest corner

(Tertiary plains),
(i x) medium-low density (2.5-2.6) axis separating

high density zones (v) and (vii), corresponding to
the eastern border of the Tertiary basin located

.:.. - .' .!'between theJurassic(v) and the Palacozoic (vii).

....- Conclusions
a By infilling blanks of an old gravity survey (619 new

and 2041 old stations), and using microaltimeter-con-
OW trolled stereo-topographic points as gravity stations, an

,: . .updated gravity map was obtained at 15% of the cost
(.) of a complete new survey. The generalised Nettleton

2D ) technique gives a variable density Bouguer anomaly,
pseudo-statically corrected. Accuracy of the new

i•Roa"gBouguer values is aroung 0.3-0.4 mgal, quite sufficientFig.A.Regional geology:(a)Tcrtiary;(h)Cretaceous;(;)juras'sic;(d) for the large (4 to 15 mgal) anomalies of the permit.
Pcrmo-Triassic: (e) Palaeozoic; (f) gneiss anti granite. Finally, isostatic corrections have removed a large

gradient dipping from the sea towards the northwest.
The new Bouguer map is now ready for further inter-Compared to general geology (see Fig. 8), this surface freiation and modelling.

.ensity map shows, with all values in g cm-r:

" -" (i) medium-low densities (2.5-2.6) over the granite Received 27 March 1986; accepted 22 September 1986.
... •in the north,

(ii) high density (2.7) over the northern Palaeozoic References
rocks, LAKSlIMANAN, J. 1985. Corrections gtndralises de Nettleton. Poten-

(iii) medium-low densities (2.5-2.6) over the Jurassic tial Fields in Rugged Topography. Symposium of the University
rocks along the northwestern edges of the permit, of Lausanne, IGL Bulletin no. 7, paper 2.5.

(iv) high densities (2.7) over the Cretaceous and Juras- NErrLETON, L.L. 1940. Geophysical prospccing for oil. McGraw-.iv high de steI27 v rt e rt c o sa dJ rslill, New York.
,c rocks along the northeastern edge of the per- PARASNis. D.S. 1972. Principles of applied geophysics. 2nd edn,

mit, probably due to the Jurassic hills, Methuen, London.
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